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SUMMARY
The f i r s t  c h a p te r  o f t h i s  t h e s i s  b r i e f l y  d e s c r ib e s  th e  S ta rk  
m odu la tio n  sp e c tro m e te r  w hich was u sed  in  th e  s tu d ie s  o f  microwave 
s p e c t r a  d e sc r ib e d  in  th e  fo llo w in g  c h a p te r s .
The second c h a p te r  c o n tin u e s  th e  s tu d y  o f  th e  m o lecu la r g eo m etrie s  
o f  th e  4-pyr one s e r i e s  o f  compounds by in v e s t ig a t in g  th a t  o f  
p y ra n -4 - th io n e . I t  i s  shown th a t  p y ra n -4 - th io n e , l i k e  p y ran -4 -o n e , 
i s  p la n a r  in  th e  g ro u n d - s ta te .  From a  com parison o f th e  s t r u c tu r e s  
o f  th e se  two compounds i t  i s  b e lie v e d  th a t  th e  resonance benzo id  forms 
have a  g r e a te r  c o n t r ib u t io n  to  th e  o v e r a l l  s t r u c tu r e  in  th e  case  o f 
p y ra n -4 - th io n e .
The t h i r d  c h a p te r  i s  concerned w ith  th e  s p e c tr a  o f c y c lo h ex -2 -en -
1 -one, f o r  w hich two o f th e  p r in c ip a l  components o f  th e  d ip o le  moment
have been o b ta in e d  and th e  fundam ental freq u en cy  o f th e  lo w est r in g
+ /- “ 1bend ing  d e fo rm a tio n  has been de term ined  a s  95 “ ° cm • The observed  
moments o f i n e r t i a  a r e  in  f a i r  agreem ent w ith  th e  c a lc u la te d  moments 
f o r  a  s t r u c t u r a l  model f o r  cyclohexenone in  w hich f iv e  o f  th e  s ix  
carbon atoms a re  c o p la n a r .
The fo llo w in g  two c h a p te rs  d e a l w ith  two compounds o f th e  
cyanamide s e r i e s ,  d iflu o ro cy an am id e  and d im ethylcyanam ide. A lthough
th e  s t r u c tu r e  i s  n o t a c c u ra te ly  d e te rm in ed , l i m i t s  a re  p laced  on th e  
s t r u c tu r e  o f NF^CN and a  s tu d y  has been made o f  th e  ^ ^ -q u a d ru p o le  
co u p lin g  in  th e  s p e c tr a  o f th e  m o lecu le . An accoun t i s  g iv en  o f th e
i n t e r e s t i n g  s p e c tr a  o f dim ethylcyanam ide and th e  s a t e l l i t e  spectrum  
o f  each  t r a n s i t i o n  i s  d isc u sse d  in  te rm s o f  s k e le t a l  d e fo rm a tio n  and 
to r s io n a l  v ib r a t io n s  o f t h i s  two m e th y l- to p  m o lecu le . Because o f 
n e a r-d e g e n e ra c y  o f th e  energy  l e v e ls  o f d im ethylcyanam ide, seco n d -o rd e r 
p e r tu r b a t io n  th e o ry  was found i n s u f f i c i e n t  f o r  th e  c a lc u la t io n  o f  th e  
d ip o le  moment.
In  th e  n e x t s e c t io n  ha logen  s u b s t i tu e n t  e f f e c t s  on th e  geom etry 
o f  th e  NHg-group in  a n i l in e  were viewed by means o f th e  s t r u c t u r a l  
d e te rm in a tio n  o f  th e  NH^-group o f  p - c h lo r o a n i l in e .
The f i n a l  c h a p te r  i s  devo ted  to  a  b r i e f  account o f chem ical 
sy n th e se s  u n d e rta k e n  in  th e  co u rse  o f t h i s  work.
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THE STARK MODULATION SPECTROMETER
A s im p l i f ie d  b lo ck  diagram  o f th e  S ta rk  m odulation  sp ec tro m e te r  
i s  shown in  F ig . 1.
The ’re f le x *  k ly s t ro n s  used  produced n e a r ly  m onochrom atic 
r a d ia t io n  f o r  a  range  o f  f re q u e n c ie s  th ro u g h  1 0 - 4 0  GHz. The 
freq u en cy  o f th e  k ly s t ro n  may be v a r ie d  by d i s t o r t i n g  th e  k ly s tro n  
c a v i ty  e i t h e r  m anually  o r w ith  a  m echanical d r iv e .  Small v a r ia t io n s  
in  freq u en cy  (25 MHz) a re  produced by v a ry in g  th e  p o te n t ia l  o f th e  
r e f l e c t o r  by means o f a  saw -to o th  v o l ta g e .  The same v o lta g e  i s  
a p p l ie d  to  th e  X -p la te s  o f th e  o s c i l lo s c o p e  e n a b lin g  th e  o s c il lo s c o p e  
t r a c e  to  r e p re s e n t  a  l i n e a r  s e c t io n  o f  th e  freq u en cy  s c a le  a lo n g  i t s  
X -c o o rd in a te . The a b so rp tio n  c e l l  i s  a  te n  fo o t  lo n g  X-band copper 
w aveguide w ith  a  b ra s s  S ta rk  e le c tro d e  f i t t e d  c e n t r a l l y .  The gaseous 
sample i n  th e  c e l l  can be s tu d ie d  a t  te m p e ra tu re s  between -80°C and 60°C. 
Even w ith  th e  g r e a t e s t  c a re , v a r ia t io n  can occu r in  th e  d is ta n c e  
betw een th e  S ta rk  e le c tro d e  and th e  wide fa c e  o f th e  w aveguide. T his 
p roduces d i f f e r e n t  v a lu e s  o f f i e l d  s t r e n g th  a lo n g  th e  waveguide and, 
a t  h ig h  v o l ta g e ,  has th e  e f f e c t  o f sm earing th e  S ta rk  lo b e s .  The 
S ta rk  lo b e s  a re  a ls o  smeared a t  h ig h  v o lta g e s  a s  a  r e s u l t  o f  a  n o t 























































m easuring  a  d ip o le  moment, w ith o u t a  d , c .  b i a s ,  o f re d u c in g  th e  
a cc u racy  when, v o l ta g e s  g r e a t e r  th a n  800 a re  u s e d , A z e ro -b a se d  
square-w ave w ith  a  m odu la tion  freq u en cy  o f  100 KHz i s  u se d  to  p ro v id e  
the. S ta rk  f i e l d ,  The> ch o ice  o f  th e  m odu la tion  freq u en cy  i s  
de te rm in ed  by th e  n e c e s s i ty  o f k eep in g  b o th  c r y s ta l  n o is e  .and 
b ro ad en in g  o f th e  a b s o rp tio n  l i n e s  low , N oise power, in  ex cess  o f 
th e rm a l n o is e ,  i s  ap p ro x im ate ly  p ro p o r tio n a l, to  th e  sq u are  o f  th e  
c r y s t a l  cu rren t, d iv id e d  by th e  m odu la tion  freq u en cy . I f  th e  
m odulation, freq u en cy  i s  to o  la rg e  th e n  th e  v a r i a t io n  o f  th e  m o lecu la r 
energy  l e v e l s  w ith  f i e l d  s t r e n g th  can no lo n g e r  s t r i c t l y  fo llo w  th e  
changes in . e l e c t r i c  f i e l d .  At th e  f re q u e n c ie s  u s u a l ly  employed th e  
e f f e c t  i s  to  in c re a s e  th e  l i n e  w id th .
The c r y s t a l  d e te c to r  c o n s is ts  o f  a  f in e  w ire  in  c o n ta c t w ith  a  
b lo c k  o f  sem i-co n d u c tin g  m a te r ia l  ( s i l i c o n  o r  germ anium ). T his 
system  behaves a s  a  r e c t i f i e r  s in c e  i t  p r e s e n ts  d i f f e r e n t  im pedances in  
o p p o s ite  d i r e c t i o n s .  The c r y s ta l  n o is e  i s  most im p o rtan t to  c r y s ta l  
perform ance and i s  g iv e n  by
S’ (1)
w here C i s  a  c o n s ta n t ,
I  i s  th e  r e c t i f i e d  c r y s ta l  c u r r e n t ,
Av i s  th e  bandw idth ,
and v i s  th e  v a lu e  o f  th e  m odu lation  freq u en cy .
The c u r r e n t -v o l ta g e  c h a r a c t e r i s t i c  can be g e n e ra l ly  re p re s e n te d  by
I  = KV2 . . .  (2 )
where K i s  a  c o n s ta n t ,
V i s  th e  v o lta g e  developed a c ro ss  
th e  c r y s ta l
and I  i s  th e  c r y s t a l  c u r r e n t .
I t  fo llo w s  th a t  th e  o u tp u t power and th e  c r y s ta l  n o ise  a re  p ro p o r tio n a l
to  th e  sq u are  o f th e  c r y s ta l  c u r r e n t .  T h e re fo re , th e  p r e c is e  v a lu e
o f  th e  c r y s ta l  c u r re n t  w i l l  n o t a f f e c t  th e  s ig n a l - to - n o is e  r a t i o  to  a
g r e a t  e x te n t .
The o u tp u t from th e  c r y s ta l  d e te c to r  i s  passed  to  a  tuned  
p r e a m p lif ie r  and a  tuned  a m p l i f i e r .  The n o is e  l e v e l  i s  reduced  by 
slow sweep f re q u e n c ie s  and narrow  bandw idth . P h a s e - s e n s i t iv e
d e te c t io n  i s  u sed  f o r  p o r t r a y a l  o f  th e  a b s o rp tio n  l i n e  as  shown in  
F ig .  1 and f o r  p ro d u c tio n  o f narrow  bandw idths f o r  th e  a m p l i f ie r .  I f  
a  p h a s e - s e n s i t iv e  d e te c to r  i s  n o t u se d , th e  s ig n a l  i s  fed  th ro u g h  th e  
a m p l i f i e r ,  r e c t i f i e d  and th e n  f i l t e r e d .  The e f f e c t iv e  bandw idth may 
th e n  be g r e a t e r  th a n  th a t  a s s o c ia te d  w ith  th e  f i l t e r .
The approx im ate freq u en cy  o f an a b s o rp tio n  l i n e  can be determ ined  
v e ry  r a p id ly  by means o f r e s o n a n t- c a v i ty  w avem eters. A lthough 
w avem eters o f te n  produce sy s te m a tic  e r r o r s  th ro u g h o u t t h e i r  range o f 
o p e ra t io n , when th e  s y s te m a tic  e r r o r  i s  known l i n e  fre q u e n c ie s  can be 
o b ta in e d  w ith  an  e r r o r  o f  ^2 MHz.
For a c c u ra te  m easurement o f  f r e q u e n c ie s ,  th e  l i n e  freq u en cy  i s  
compared w ith  f re q u e n c ie s  d e r iv e d  from  a  q u a r tz  c r y s ta l - c o n t r o l le d  
o s c i l l a t o r  o f  5 MHz. A Micro-Nov/ freq u en cy  m u l t ip l i e r  ch a in  p ro v id es  
harm onics o f 50, 150 and 450 MHz and th e se  a re  fed  on to  th e  wavemeter 
c r y s ta l  d e t e c to r ,  which p ro v id e s  harm onics spaced by 50 MHz. The 
harm onics a re  th e n  mixed w ith  some o f th e  microwave power from th e  
k ly s t r o n  v ia  a  d i r e c t io n a l  co u p le r  to  produce b ea t f r e q u e n c ie s ,  which 
a re  th e n  fed  th ro u g h  a  r a d io  r e c e iv e r .  When th e  b e a t freq u en cy  
e q u a ls  th e  r e c e iv e r  s e t t i n g  a  sh arp  m arker ap p ea rs  on th e  o s c il lo s c o p e  
t r a c e .  Two m arkers se p a ra te d  by tw ice  th e  r e c e iv e r - s e t t i n g  a re  
produced from each harm onic and th e  v a r ia b le  freq u en cy  o s c i l l a t o r  o f 
th e  Micro-Now i s  tuned  u n t i l  one o f  th e  m arkers i s  s e t  on th e  l i n e .  In  
o rd e r  to  e l im in a te  th e  r e c e iv e r  s e t t i n g  b o th  m arkers a re  s e t  on th e  l i n e  
and to  e l im in a te  in s tru m e n ta l tim e d e la y s  th e  measurem ents a re  
re p e a te d  f o r  fo rw ard  and backward sweeps o f  th e  k ly s t r o n .  The v a lu e  
o f  th e  harm onic in  u se  i s  determ ined  from wavem eter m easurem ents.
The c r y s t a l  o s c i l l a t o r  freq u en cy  i s  m easured to  ^0 .1  Hz u s in g  a
M arconi freq u en cy  c o u n te r  c a l ib r a te d  a g a in s t  th e  200 KHz tra n sm is s io n
o f  th e  B.B.C. D ro itw ich  t r a n s m i t t e r .  F requency measurem ents can be
made to  an accu racy  o f -0 .0 5  — -0 .1  MHz depending  on th e  q u a l i ty  o f th e
-9  -1l i n e .  The minimum o b se rv ab le  l i n e  i n t e n s i t y  i s  5 K 10 cm •
6 .
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CHAPTER 2.
THE STRUCTURE AND DIPOLE MOMENT OP PYRAN-4-THIONE 
2 - 1 o I n t r o d u c t io n ,
I  I I  I I I  IV
p y ran -4 -o n e  th ia p y ra n -4 -o n e  p y ran -4 -th .io n e  th ia p y ra n -4 - th io n e  
Y ~pyrone th ia p y ro n e  th io p y ro n e  th ia th io p y ro n e
The p r o p e r t ie s  o f  th e  m o lecu les  I  —* IV a re  o f te n  d e sc r ib e d  in  
te rm s o f  th e  fo llo w in g  c a n o n ic a l form s -
+ +
a  b c d e
These s t r u c tu r e s  su g g es t ’a ro m a tic ' c h a ra c te r  and th e  e x te n t  to  which 
th e  m olecu les a re  s t a b i l i z e d  has been c a lc u la te d  f o r  2 ,6 -d ip h e n y l-1 ,4 ~  
th ia p y ro n e  a s  J2 .7  K cal/m ole ( l ) .  (a )  i s  b e lie v e d  to  be th e  most
s ig n i f i c a n t  form . An e s tim a te  o f  t h i s  can be o b ta in e d  from d ip o le
8 .
moment c a lc u la t io n s *  In  th e  case  o f  2 ,6 -d im e th y lp y ro n e  th e  c a lc u la te d  
d ip o le  moment f o r  (a )  i s  1*75 D and f o r  (e )  22 D (1)* The observed
o f  a d d i t io n  r e a c t io n s  (1) i n d ic a te  re so n an ce  s ta b i l iz a t io n  o f  th e  C = 0 
bond, b u t in  p y r a n - 4 - th ione th e  C = S behaves more a s  a  norm al th io  
g roup ( 2 ,3 ) .
The s e r i e s  o f compounds I  — IV behave in  th e  same way a s  
a p p ro p r ia te  a c y c l ic  models i n  t h e i r  in f r a - r e d  carbonyl a b s o rp tio n  and 
u l t r a - v i o l e t  sp e c tra *  At one p o in t  on ly  do th ey  d i f f e r  m arkedly from 
th o se  o f a c y c l ic  m odels -  in  th e  c h a r a c t e r i s t i c s  o f  th e  s a l t s  which th e y  
form  w ith  ac id s*  These s a l t s  a re  co m p ara tiv e ly  s ta b le  and a re  co n sid e red  
to  be a ro m a tic . The in c re a s e d  im portance  o f  th e  p h e n o l- l ik e  s t r u c tu r e  
f o r  th e  s a l t s  o f  th e s e  m o lecu les fo llo w s  from  a  com parison o f th e  Raman 
s p e c tr a  o f  d im ethy lpyrone and i t s  h y d ro c h lo r id e  (4 ) ,  i n  which th e  
l a t t e r  d is p la y s  th e  expec ted  s h i f t  o f  th e  carbony l band and a  lo w erin g  
o f  th e  C = C frequency*
v a lu e  o f  4D fa v o u rs  (a )  r a th e r  th a n  ( e ) .  In  py ran -4 -o n e  th e  absence
OH
P ig . 1• P yran-4 -one h y d ro c h lo rid e
showing th e  num bering o f  th e  r in g .
6 2
However, th e  c a n o n ic a l form s a re  u s e f u l  in  d e s c r ib in g  th e  
d i r e c t i o n a l  a t t a c k  in  th e  s u b s t i tu t io n  r e a c t io n s  o f th e  fo u r  compounds.
E le c t r o p h i l i c  s u b s t i tu t io n  ta k e s  p la c e  a t  p o s i t io n s  3 and- 5 a^d. 
m ic le o p h i l ic  s u b s t i tu t io n  a t  p o s i t io n s  2 and 6 . The p re p a ra t io n  o f  th e  
i s o to p ic  s p e c ie s  o f  py ran -4 -o n e  shown below , h ig h l ig h ts  th e  i n t e r e s t i n g  
c h e m is try  o f th e se  m o lecu les (5)* H y d ro ly s is  i s  c a r r ie d  o u t in  
s l i g h t l y  a c id  s o lu t io n  as  p y ran -4 -o n e  i s  d e s tro y e d  in  b a s ic  m edia, 





3 :5  d e u te r a t io n  cou ld  o ccu r by th e  u su a l k e to -e n o l e q u i l i b r i a  o f  any
18o f  th e  in te rm e d ia te s  ( 2 ) ,  (3 ) o r  (4)*  0 in c o rp o ra tio n  in to  th e
h e te r o c y c l ic  r in g  im p lie s  th e  in te rm e d ia c y  o f  (3 ) o r  (4)*  A lthough 
th e  hydrogen atoms in  th e  2 ,6  p o s i t io n s  a re  n o t d i r e c t l y  exchangeable 
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Having p rep a red  th e se  i s o to p ic  form s o f p y ran -4 -o n e  th e y  can be 
c o n v e rted  in to  th e  co rre sp o n d in g  p y ran -4 ~ th io n e  compound by th e  
a c t io n  o f  phosphorus p e n ta su lp h id e  in  to lu e n e 0
The microwave s p e c tr a  o f p y ran -4 -o n e  and th ia p y ra n -4 -o n e  
have been s tu d ie d  i n  r e l a t i o n  to  th e  geom etry and p l a n a r i ty  o f  t h e i r  
r in g s  ( 6 ) .  T h is  c h a p te r  ex ten d s  th e  s e r i e s  to  in c lu d e  p y ra n -4 -  
th io n e  and i t  i s  concluded th a t  a l l  th r e e  compounds a r e  p lan a r*
2 -2 . A n a ly s is  o f  th e  S p e c tra *
P y ra n -4 - th io n e  i s  an orange s o l id  (m*p. 48°C) w ith  s u f f i c i e n t  
vapour p re s s u re  to  be e a s i l y  sublim ed in  vacuum a t  room te m p era tu re  
o r  s l i g h t l y  above* When o b se rv in g  s p e c t r a ,  b o th  sample and 
a b s o rp tio n  c e l l  were m a in ta in ed  a t  room te m p era tu re  and i n i t i a l l y  
vapour from  th e  sample was c o n tin u o u s ly  stream ed th ro u g h  th e  c e l l .  
When optimum c o n d itio n s  f o r  s p e c t r a l  o b se rv a tio n s  were re a c h e d , th e  
a b s o rp tio n  c e l l  was i s o la te d  and a  s t a t i c  p re s s u re  o f sample used*
F or th e  purpose o f  p r e d ic t in g  l i n e  f re q u e n c ie s  two s t r u c t u r a l  
m odels were considered*  The f i r s t  was based on th e  s t r u c tu r e  o f 
2 ,6 -d im e th y lp y ra n -4 - th ione a s  d e term ined  by X -ray c ry s ta l lo g ra p h ic  
methods (7 *8)5 and th e  second assumed th e  r in g  to  be th e  same a s  
t h a t  o b ta in e d  f o r  py ran -4 -o n e  from  th e  microwave s tu d y  (6)*
11.
A C -  S bond le n g th  o f  1 ,66  X was ta k e n  in  b o th  c a s e s .  The models 
w ere p la n a r  and th e r e f o r e  |i i s  th e  o n ly  n o n -ze ro  component o f  th eOf
d ip o le  moment.
Both models p re d ic te d  t h a t  th e  J  = 7 8 |l R -branch  group o fcL
t r a n s i t i o n s  should  o ccu r in  K-band. The second model vras o f
s u f f i c i e n t  q u a l i ty  to  make th e  assignm en t v e ry  s im p le , and l i n e s  w ith
th e  c o r r e c t  c h a r a c t e r i s t i c s  were found ap p ro x im ate ly  300 MHz h ig h e r
th a n  th e  p re d ic te d  p o s i t i o n s .  The m easured fre q u e n c ie s  o f  th e
J  sa 7 —> 8 t r a n s i t i o n s  w ere th e n  used  in  a  le a s t - s q u a r e s  p ro ced u re  in
A+C A—Gorder to  obtain b e tter  values o f -g -  and k; thus enabling the
p r e d ic t io n  and subsequen t measurement o f  o th e r  l i n e s .  The f i n a l
v a lu e s  o f  th e  c o n s ta n ts  were o b ta in e d  u s in g  t h i r t y - f i v e  measured
t r a n s i t i o n  f re q u e n c ie s  in  a  l e a s t - s q u a r e s  r i g i d - r o t o r  p ro c e d u re .
The i s o to p ic  sam ples p rep a red  and s tu d ie d  were 3*5 d ^ - *2,6 d^ -
and ^ 0 -  p y ra n -4 - th io n e . ^ S - p y ra n -4 - th io n e  was s tu d ie d  in
n a tu r a l  abundance (4 $ )•  U sing th e  observed  moments o f  i n e r t i a
f o r  p y x an -4 -th io n e  and th e  model*s c o o rd in a te s  f o r  th e  i s o to p i c a l ly
s u b s t i tu t e d  atom in  th e  form  o f K raitchm an*s e q u a tio n s  ( 9 ) ,  th e
changes i n  th e  v a lu e s  o f  th e  moments o f  i n e r t i a ,  A l  , A l ,  and A l
a  d c
were found . These were th e n  used  w ith  th e  observed  moments o f 
i n e r t i a  to  c a lc u la te  th e  t r a n s i t i o n  f re q u e n c ie s .  For each i s o to p ic  
sam ple th e  p re d ic te d  and observed  t r a n s i t i o n  fre q u e n c ie s  d i f f e r e d  by 
no more th a n  10 MHz. R efin ed  v a lu e s  o f  th e  r o t a t i o n a l  c o n s ta n ts  
w ere o b ta in ed  from a  le a s t - s q u a r e s  c a lc u la t io n  as  above. The r e s u l t s
12.
o f  th e se  m easurem ents a re  l i s t e d  in  T able 1•
Each o f  th e  observed  g ro u n d -s ta te  t r a n s i t i o n s  was found to  
be accom panied by a  v ib r a t io n a l  s a t e l l i t e  t r a n s i t i o n  to  h ig h  
fre q u e n c y . The m easured f re q u e n c ie s  o f  th e  s a t e l l i t e  t r a n s i t i o n s
a re  a l s o  g iv en  in  T ab le 1 . On c lo s e r  in s p e c t io n  each  o f  th e se  
s a t e l l i t e  l i n e s  w ere observed  to  be one o f  a  fa m ily  o f  ap p ro x im ate ly
e q u a l ly  spaced  v ib r a t io n a l  s a t e l l i t e  t r a n s i t i o n s .  Only th e  g round-
34s t a t e  spectrum  was observed  f o r  th e  y^ 8 -p y ra n -4 -th io n e  sam ple. Both 
g ro u n d -s ta te  l i n e s  and v ib r a t io n a l  s a t e l l i t e  l i n e s  (v  = 1 ,2 ,3 )  showed 
a l t e r a t i o n s  in  i n t e n s i t y  c h a r a c t e r i s t i c  o f  n u c le a r  sp in  s t a t i s t i c a l  
w eigh t e f f e c t s .
S ince p la n a r  p y ra n -4 - th io n e  h as  symmetry and two p a i r s  o f 
hydrogen atoms t h a t  a re  in te rc h a n g e d  by r o t a t i o n  o f  180° around th e  
symmetry a x i s ,  th e  r a t i o  o f  th e  number o f  sym m etric sp in  fu n c tio n s  to  
an tisy m m e tric  s p in  fu n c t io n s  i s  1 0 :6 . T h is  i s  o b ta in e d  from
T  n n
“ s = * .  | _ i 2 i ( 2Ii  + 1> _ i  I  1 <2 I i  + 1> + 1 ,
r  n n
“a = i  [  + _ i  = 1 (2I i  + n  -  1
where I  i s  th e  n u c le a r  s p in  and th e  p ro d u c t i s  ov er th e  number o f 
p a i r s  o f  id e n t i c a l  n u c l e i .  The e l e c t r o n ic  and v ib r a t io n a l  ground-  
s t a t e s  a re  sym m etric and B o se -E in s te in  s t a t i s t i c s  a re  obeyed, hence 
th e  sym m etric r o t a t i o n a l  s t a t e s  ( th o s e  w ith  K_.j even) a re  more
Table, 1.
13.
T r a n s i t io n  f re q u e n c ie s  and r o t a t i o n a l  c o n s ta n ts  f o r  th e  i s o to p ic  
sam ples o f p y ra n -4 - th io n e .
(a )  p y ra n -4 - th io n e .
v  = 0
observed  V obs- V calc
v  = 1
observed  Vobs- V calc  (MHz)
? ° 7 I  606
'17  5 l6
716 I  615 '26 ?25
*25 ‘  524
7”  ‘  -34,35
,34743 -  6:u -  733
fi08 7 °7
®18 -  Z17
!17  "  ?16
ft27 726  
®26 :  ? 23 
r36 135
o35 "  I 34 
o45 ’  i4 4  
p44 " 743
$  \  p
872 I  771) 
971 -  e7°J
o°9 .  s 08
91? .  818
928 -  827
927 -  826





























+0 .26  







+0 .04  
+0.07  
- 0.09  
- 0.01 
+ 0 .10  
- 0.27
- 0 .05






























26335.88  +0 .07
(a) pyran-4-thione. (contd.)
v = 0
observed  V obs- V calc
*46 ~ 845 
>55 fl54 
54 ‘  g53 





-  8 








10 9 -  9 
1029 “  9
10po -  9 











25937.90 -0 .0 7
25906.59 -0 .1 2
25888.12 -0 .1 8
25876.24 -0 .2 7
26417.39 +0.05
29351.73 -0 .0 3
28197.32 -0 .0 5
30193.48 -0 .0 3







l a  85.3386
l b  314.9938
I c  400.3168
A -0 .0 1 5 7










-0 .7 3 0 3
A = i c  -  l a  -  l b .
I a ,  l b ,  I c  and A a re  in  u n i t s  o f  a .m .u .2 ^ .
18
(b) 0 pyr an-4-t hi one.
15.
V = 0 V ss 1
observed Vobs- Vcalc observed v o b s- v c a lc  (MHz)
7°7 :  g06 
716 ft15
{25 :  624
,3 5  ?34
o34 "  ,3 3
fl08 ’  7°7
®18 -  b 7 
®17 ‘  he 
®27 "  ;26  
>  "  ?35 
®35 I  s 34
g09 _ g08 
918 -  81?
%  - 41 $: t*
9 36 -  e 33 
1045 -  9 
0010-  909 
0110-  9 19 
019 -  9 







18682.77 +0.10 18710.25 -0 .0 2
20392.81 +0.18 20421.52 + 0.02
20229.97 +0.08 .20263.80 +0.09
19634.59 +0.27 19665.91 +0 .06
19705.72 -0 .1 0 19737.99 - 0 .19
21147.66 -0 .0 3 21179.16 +0.01
20738.03 +0.03 20772.93 +0.04
23188.17 +0.12 23220.27 +0 .06
22103.58 +0.03 22137.94 +0.01
22455.07 +0.11 22491.10 +0 .16
22595.23 -0 .0 3 22632.83 +0.00
23589.05 -0 .0 6
25927.07 -0 .0 0 25962.12 -0 .0 0
24795.56 +0.10 24833.83 +0 .0 6
26296.53 -0 .0 2 26339.04 +0 .09
25273.74 +0.11
25523.48 -0 .1 2
25276.50 -0 .2 0
26021.74 -0 .0 3 26061.91 - 0 .05
25774.57 -0 .0 1 25817.85 -0 .0 1
28600.40 -0 .2 2 28638.14 - 0 .05
29307.45 -0 .0 7 29353.28 - 0 .14










18(b) 0 pyran-4-thione. (contd.)
16.
c 1252.70  1234.99
1
l a  85.3441 85.7407
l b  324.7869 324.3389
I c  410.1020 409.3403
A - 0.0290  -0 .7393
A = I c  -  l a  -  l b .
I a ,  l b ,  I c  and A  a re  i n  u n i t s  o f  a .m .u .S 2 .
17 .
(c) 54S pyran-4-thione*
v  = 0
observed. V o b s - v c a l c ,  (MHz)
8nft -  7n7 21131 .56  - 0 .1 6
8^  -  T\L 20721.44 - 0 .10
8 ' 7 -  1 ' t  22084.91 +0.15
9no “ C  23571.20 -0 .01
9°0l  -  8^7 24774.55 - 0.02
9^7 -  26271.49 - 0 .20
10i i n “ 9 iq  25754.45 +0 .06
10 iq  "  28576.91 -0 .0 8
1 o I ' -  9lft 27441.64 +0.52
11n i i “ 10n in  28455.57 - 0.02
11?i -10°™  28252.46 -0 .0 5
119i n - 10oQ 30084.02  +0.04











I c  410.4175
A -0.0316
A  = I c  - la - lb.
Ia, lb, I c  and A  are in units of a.m.u.S^.
18.

























-  763 ~62-  7
-  8 











-  8 j
q55 .  g54l 
9 54 I  ®53J:163 0^3 . ®62.
973 o72 
982






10010 '09  110“* '1 9
18 
28
10 9 “* 9
1029 -  9 
10™ -  9
*3 -
V = 0 V =  1
observed Vobs- Vcalc observed vob s- v<
20737.47 + 0 . 0 1
20403.13 + 0 . 1 2 20436.38 + 0.08
22975.86 + 0 . 1 1 23006.52 +O.23
21875.54 + 0 . 0 1 2 1 9 0 8 . 5 6 - 0 . 1 1
23276.96 +0.25 23314.37 - 0 . 1 1
22317.57 +0.08 22352.70 - 0 .06
22535.20 + 0 . 0 1 22572.99 +0 .03
22313.59 -0 .3 7 22349.56 - 0 .27
22259.94 +0.07
22234.04 -0 .3 7
2 3 1 2 2 . 7 6 +0.05 23156.89 - 0 .04
22874.58 + 0.08 22911.90 +0 .1 4
25631.13 + 0 . 0 1 2 5 6 6 4 . 0 2 + 0 . 1 1
24519.03 +0 .30 24555.57 +0 .05
2 6 2 8 9 . 6 5 +0.23 26330.63 - 0 .05
2 5 4 9 6 . 1 0 +0.19 25540.04 +0 .53
25125.29 +0.15 25165.57 +0 .14
25066.95 +0 .30
25030.15 -0 .1 4
25008.43 -0 .4 7
24994.55 -0 .6 5
25507.66 -0 .0 9 25546.34 - 0 . 1 1
25332.17 +0.08 25373.39 +0 .04
2 8 2 0 2 . 9 6 -0 .0 7 28237.70 - 0 .0 4
27133.51 + 0 . 2 1 27173.69 +0 .07
27898.38 -0 .0 9 27941.67 -0 .1 8
28514.01 +0.07
27954.59 + 0 . 0 2
28005.46 -0 .0 9
19.














A  = I c  -  la - lb.











-0 .7 3 0 4
20.
(e) 3,5,  d2“ Pyran-4-thione,
v  = 0 v  = 1
Z l6 "  g15
Z26 "  °25 
'25 "  ?24 
?34 "  g33”: $0O8 '07
ft18 ’  7 17 
ft27 ~ 726 
ft26 " 7 25
955 :  ^34 
q°9 -  8 °8 
q19 -  >
q28 -  827 
q37 ®36
93s  :  |3 s
1046 -  945 












A =  I c  -  l a  -  l b .
observed  V obs- v c a lc observed  v obs-
20735.70 +0.01
19654.70 +0.05 19682.50
20822.92 -0 .0 4 20854*52
20150.35 -0 .0 0 20181.28
19951.10 -0 .0 9
21120.93 +0.03 21149.82
20813.47 +0.07  * 20845.56
22377.87 -0 .1 0 22409.18
23937.61 +0 .13 23972.58
23153.44 +0.03 23189.55
23548.95 -0 .0 0 23582.09
23328.43 +0.03 23364.40
25070.36 -0 .0 0
25743.83 +0.05
26217.70 -0 .0 6
25770.27 -0 .0 4











-0 .0 2 1 8 -0 .7 5 7 5
l a , l b ,  I c  and A a re  in  u n i t s  o f
21
p o p u la ted  th a n  th e  an tisy m m e tric  by th e  r a t i o  10 : 6 . F or th e  
e x c i te d  v ib r a t io n a l  s t a t e s ,  th e  v ib r a t io n a l  w avefu n c tio n  a l t e r n a t e s  
i n  symmetry, so t h a t  th e  n u c le a r  sp in  f a c t o r  a ls o  a l te r n a te s *
T able 2 shows th e  p o p u la tio n  r a t i o s  f o r  th e  i s o to p ic  s a m p le s 'in  
th e  g round- and f i r s t  e x c i te d - s ta te *
T h is  a n a ly s i s  o f  th e  r e l a t i v e  i n t e n s i t i e s  f o r  p y ra n -4 - th io n e  i s  in  
good agreem ent w ith  th a t  observed  e x p e r im e n ta lly , and j u s t i f i e s  th e  
assum ption  o f  th e  p la n a r i ty  o f  th e  m olecule*
g ro u n d -s ta te  o f  p y ran -4- th io n e  con firm s th e  p la n a r i ty  o f  th e  m olecule
T able 2*
R e la t iv e  i n t e n s i t i e s  o f  th e  t r a n s i t i o n s  o f p y ra n -4 - th io n e .
v = 1
n  : n K .ev en  K .odd s a  -1 -1 ^-1 even K^^odd
2 ,6  a -  
3 ,5  &2-
p y ra n -4- t h i one
it
tt
10 : 6 10 6
7 : 5  7 5








The i n e r t i a l  d e f e c ts  o f p y ra n -4 - th io n e
v = 0 
v = 1
A
-0 .0 1 5 7
-0 .7 3 0 3
F or a  p la n a r  m olecu le  th e  i n e r t i a l  d e f e c t ,  A  a  I  -  I  -  I .  ,
C cl D
is ap p ro x im ate ly  z e ro . The v a lu e  o f  A  g iv en  in  T able 3 f o r  th e
in  th e  ground s t a t e .  I t  can a l s o  be seen  in  T able 3 t h a t  th e  f i r s t
e x c i t e d - s t a t e  o f  th e  v ib r a t io n a l  mode h as  a  la rg e  n eg a tiv e , v a lu e  
o f  A. T his v a lu e  in d ic a te s  t h a t  th e  v ib r a t io n  in v o lv e s  
p red o m in an tly  o u t-o f -p la n e  d is p la c e m e n ts . S ince t h i s  i s  th e  
lo w es t freq u en cy  v ib r a t io n  i t  would make th e  l a r g e s t  n e g a tiv e  
c o n t r ib u t io n  to  A  even i n  th e  g ro u n d -s ta te  and e x p la in s  th e  n e g a tiv e  
v a lu e  o f  A  a -0 .0 1 5 7  a .m .u .2 ^  f o r  th e  g ro u n d -s ta te  o f  p y ra n -4 - th io n e .
2 -3 . S ta rk  E f fe c t  and th e  M easurement o f  th e  P in o le  Moment.
The p e r tu rb a t io n s  o f  th e  energy  l e v e l s ,  w hich a r i s e  from  th e  
in t e r a c t io n  o f  th e  perm anent d ip o le  moment o f a  m olecule w ith  a  
un ifo rm  e l e c t r i c  f i e l d ,  produce changes in  th e  spectrum  c a l le d  S ta rk  
E f f e c ts  (10 , 1 1 ). For an asym m etric r o t o r ,  and p ro v id in g  no 
a c c id e n ta l  d e g e n e ra c ie s  o ccu r, th e se  p e r tu rb a t io n s  a re  second o rd e r 
w ith  r e s p e c t  to  th e  d ip o le  moment and th e  a p p lie d  f i e l d  ( 12) .
The c o r r e c t io n  to  th e  energy  l e v e ls  i s  th e  u s u a l second o rd e r  
p e r tu r b a t io n  r e s u l t  and i s  g iv en  by
2 3 .
where n r e p re s e n ts  a l l  th e  quantum numbers d e s c r ib in g  th e  s t a t e  ip, 
E° i s  th e  energy  o f th e  u n d is tu rb e d  s t a t e ,
E°, i s  th e  energy  o f  any o th e r  s t a t e  u n p e rtu rb e d  by th e  e l e c t r i c  
f i e l d  E,
(b i s  th e  d i r e c t io n  co s in e  between th e  space f ix e d  z--axis 
Yzg
d e fin e d  by th e  e l e c t r i c  f i e l d  and th e  component o f [1 
a lo n g  th e  p r in c ip a l  a x is  g
and I E H <b ij, I vl; , dT) n I g Tz r*g I '♦'n i s  E m u l t ip l ie d  by th e  z-com ponent■ t? i ■ 11
6
o f th e  d ip o le  moment m a tr ix  elem ent d e fin e d  by n ; n ' ,  and
can be re p re s e n te d  by l^ n . n i J*
The d ip o le  moment m a tr ix  e lem en ts  f o r  an asym m etric r o to r  a r e  ta b u la te d  
a s  reduced  S ta rk  c o e f f i c ie n t s  ( 3 ) and, r e s u l t i n g  from an e v a lu a tio n  o f
g
t r a n s i t i o n  i n t e n s i t i e s ,  a s  l i n e  s t r e n g th s ,  S j # j
5 J  -  1 , T \ M
2 _ 2 ( J 2 -  M ) gg
^g  o--------------- JT ! J  "  1T*
J (4 J  -  1)
11 I2 -  112 1,2 es (2)•b ,T ,M  ; I1® —---------— ----------   J  , J  , >
J ( J  + 1) (2J + 1 )
U I2 = u2 (J + 1)2 - M2 go
nVT,M  ; J +  *g -------------------------------------------
1 ( J  + 1) (2 J + 1) (2 J  + 3 )  T
24.
where n i s  expanded in  term s o f th e  quantum numbers f o r  th e  asym m etric 
r o to r  energy  l e v e l s .
Combining e q u a tio n s  (1) and (2 ) g iv e s  th e  S ta rk  p e r tu r b a t io n  to  
th e  energy  l e v e l s ,  in  th e  case  o f no deg en eracy , as
AEj
  2 .,2 /
(2) _ V  V■ M "  ----------  L a
g = a ,b ,c .  2J + 1 t'
J2 -  M2 SS
JT ’ J“V  +
J(2J -  1) E° -  E°
T T 1
M2 SST T (J + 1 )2 -  M2 gS T T ,
T* Tf + T * T*
. . . ( 3 )
J(J  + 1) E° -  E° (J + 1) (2J + 3) E° -  E°J J  , 0 J  1^ . t
Each component o f  th e  d ip o le  moment a lo n g  th e  d i r e c t io n s  o f  th e  p r in c ip a l  
a x e s , a ,  b , c , can be t r e a te d  s e p a r a te ly .  S ince ( 3) depends on ly  
on M , and Am = 0 , th e  a p p l ic a t io n  o f an e l e c t r i c  f i e l d  removes th e  
s p a c ia l  M degeneracy  to  g iv e  p a i r s  o f  d e g e n e ra te  l e v e l s ,  w ith  th e  
ex c e p tio n  o f M = 0 w hich i s  n o n d eg en e ra te . T h e re fo re , an R -branch 
l i n e  J  —* J  + 1, w i l l  s p l i t  in to  ( j  + 1) M -components.
The d ip o le  moment ( u ) o f  p y ra n -4 -th io n e  was determ ined  by
■ Si
m easuring  two o f th e  S ta rk  components o f th e  4q^ -  3q^ t r a n s i t i o n  (15)* 
These were w e ll d e f in e d , and t h e i r  freq u en cy  s e p a ra t io n s  from  th e  
u n s p l i t  z e r o - f i e ld  l i n e  ( A v )  were measured a t  v a r io u s  v a lu e s  o f th e  
a p p lie d  v o lta g e  ( v ) .  The g raphs o f Av a g a in s t  V were s t r a i g h t  
l i n e s  and v e r i f y  th e  q u a d ra t ic  n a tu re  o f th e  S ta rk  s h i f t s .  The
spectrometer was then calibrated  against the J = 1 -  2 tra n s itio n  of
OCS, taking the d ip ole moment of OCS as 0.7124 D (1 6 ). The
ca lib ra tio n  determines the e le c tr o d e -to -c e ll  spacing in  order to define
the prop ortion a lity  constant (c )  between the e le c tr ic  f ie ld  strength
and the applied v o lta g e .
The Stark c o e f f ic ie n ts ,  with the appropriate value o f M, were 
2ca lcu lated  for  from equation ( 3) and the Stark s h if t s  could then
be w ritten  as :
404 “ 303 M = 0 -0 .3 2 5 5  (ia2 = -4 .8 1 2 3
= 3.845 D
and 404 -  303 M = 1 -0 .1 9 9 6  Ha2 = -2 .9 5 4 5
|i a  = 3.847 D
The value o f the d ip ole  moment i s  therefore |1 = = 3*85 -  0 .02 D.
This value may be compared with the d ipole moment of pyran-4~one 
(3 .70  D) (6 ) . The values of the d ipole moments o f the se r ie s  of










2 -4 . S tru c tu re  and D is c u s s io n .
The p r in c ip a l  moments o f i n e r t i a  o f  a l l  i s o to p ic  s p e c ie s  o f 
p y ra n -4 - th io n e  a re  c o l le c te d  in  T able 4 .
T able 4 .
G ro u n d -s ta te  moments o f i n e r t i a  o f p y ra n -4 - th io n e  (a .m .u .X ? ) .
I a J b I c A
p y ra n -4 - th io n e 85.3386 314.9938 400.3168 -0 .0157
1B0 - II 85.3441 324.7896 410.1020 - 0.0290
34s- II 85.3504 325.0987 410.4175 - 0.0316
2 ,6 d 2- II 93.5303 324.3262 417.8349 -0 .0216
3 ,5 d „ - II 94.8249 315.2050 410.0082 -0 .0218
A to ta l  o f eigh t independent moments of in e r t ia  are a va ilab le  for  
determ ination o f the ten parameters describ ing th is  structure of the 
molecule (C^y s y ^ e ^ y )*  Therefore, two structural assumptions 
must be made. The structural ca lcu la tio n  was carried out using  
Kraitchmann’s su b stitu tio n  method (9) (and for further d iscussion
(18 , 1 9 ) ) .
This method uses the isotope s h if t s  in  the moments o f in e r tia  to  
determine the structura l parameters. The iso to p ic  su b stitu tio n  of 
a s in g le  atom in  a r ig id  molecule y ie ld s  the coordinates o f that atom 
in  the princip al ax is  system of the o r ig in a l m olecule. Kraitchmann1s 
equations fo r  a planar asymmetric top are
27.
2y =







where i s  th e  reduced  mass and th e  prim es r e f e r  to  th e
M + A m
s u b s t i tu t e d  m o lecu le . The c o o rd in a te s  o b ta in ed  from e q u a tio n s  (4 ) 
and T ab le  4 a re  ( in
x
- 2 .2 298
2.2698






F or an e r r o r  o f  ^0 .005 a .m .u .S ^  in  th e  moments o f  i n e r t i a  th e  c a lc u la te d  
e r r o r  in  th e  c o o rd in a te s  i s  - 0 . 003^ .
The x and y c o o rd in a te s  o f  atom C^  and th e  y c o o rd in a te  o f atom 
C, in  p y ra n -4 - th io n e  were c a lc u la te d  u s in g  th e  v a lu e s  o f 1 .360 $. f o r
j
r(0 ^  -  C^) and 1.080 X f o r  r(C£ -  H^) w hich were o b ta in ed  from th e  
microwave s tu d y  o f p y ran -4 -o n e . The fo llo w in g  diagram  shows th e  
n o ta t io n  used  f o r  th e  method o f  c a lc u la t io n  o f th e se  c o o rd in a te s .
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>  H,
01 = ta h “ 1 XH ~ X0
yH "  y0
where xR, yH
X0 ’ yo
= s u b s t i tu t io n  c o o rd in a te s  o f  H.
o f 0
and 0_ = cos
where 1^ , 12 , 1^
•i 2 . 2 , 2
-1 b  + 1 3 ‘  2
211X3
-t-Vs
v a lu e s  o f  th e  bond le n g h ts  a s  shown in  th e  
d iagram  above.
T h e re fo re  y,
and x.
11 cos( 0.j + 0 2 )
xQ -  11 s in ( 0 1 + 02 ) .
F or th e  o th e r  o f f - a x i s  carbon atom,




I  = p r in c ip a l  moment o f i n e r t i a  about th e  a ( x ) - a x is
a  o f p y ran -4 “ th io n e ,
m_ = atom ic  mass o f  carbon ,\j
* 2  2,my = summation o f my f o r  th e  atoms o f p y ra n -4 -th io n e
ex c lu d in g  and C^.
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The error in  the bond lenghts of pyran-4-one were estim ated to be
^0.008 2. The ca lcu la tio n  of the structure of pyran-4-one involved  
four iso to p ic  m odifications and the stru ctu ral assumptions r(c = 0) = 
1.220 2 and r(C -  Hg) = 1.080 2. • The expected value fo r  r(C -  0) i s
1.34 - 0.02 2 (20).
The values obtained from the ca lcu la tio n  shown above, for  the 
fo llow in g  coordinates of pyran-4-thione, r e la t iv e  to  the princip a l axes 
of the m olecule, were
x_ = -1.5172 2 y_ = 1 . 1 5 8 4  2
2 2
y = 1.2146 2
C3
A change of i  0.01 2 in  the value o f e ith er  o f the assumed parameters 
produces an error of i  0.008 2 in  the coordinates.
In order to ca lcu la te  the p o sitio n s o f the remaining carbon atoms 
the f i r s t  and second moment equations ware used to  f i t  the structure  
to  the value o f 1^. The f i r s t  and second moment equations
Xmx = 0 
;band X mx^  = 1  ^ g ive
_ /
z.mx + 2m .x p + m ,x n = 0
and . . . ( 5 )
- ' 2  2 2 Zmx + 2mc .x c + mQ«xc = 1^
3 4
/
where X r e f e r s  to  th e  summation o f th e  atoms o f  th e  m olecule 
e x c lu d in g  and
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E q u atio n s  ( 5) gave
x„ = O.6366  X
4
and x n = -0.1838 X
5
The n e a r - a x is  c o o rd in a te ,  x n , i s  n o t d e f in e d , by t h i s  method o f
3
c a lc u la t io n ,  a s  a c c u ra te ly  a s  a  c o o rd in a te  o f  l a r g e r  m agnitude (9 ) .
The c o o rd in a te s  o f th e  atoms o f th e  m o lecu le , r e l a t i v e  to  th e  
p r in c ip a l  a x e s , a re  c o l le c te d  in  T able 5«
T able 5*
The c o o rd in a te s  o f  th e  atoms o f p y ra n -4 - th io n e  r e l a t i v e  to  th e  p r in c ip a l  
axes and f o r  com parison, th e  c o o rd in a te s  o f p y ra n -4 -th io n e  o b ta in ed  from 
th o se  o f  p y ran -4 -o n e  (6) by a  s h i f t  o f o r ig in .
x y  x y  (X)
(from  p y ran -4 -o n e)
°1 -2 .2 2 9 8 0 -2 .2359 0
c2 -1 .5172 1.1584 - 1.5300 1.1627
s -0 .1 8 3 8 1.2146 -0 .1875 1.2251
0 0.6366 0 0.6259 0
s -0 .1 8 3 8
-1 .2 1 4 6 -0 .1875 -1.2251
°« -1 .5 1 7 2 -1 .1 5 8 4 - 1.5300 -1 .1627
s 2.2698 0
H1 -2 .1 7 2 3 2.0172 -2.1891 2.0152
H2 0.3268 2.1707 0.3125 2.1823
H3
0.3268 -2 .1707 0.3125 -2 .1823
*4 -2 .1723 -2 .0172 -2.1891 -2 .0152
(c e n tre  o f  mass o f  p y ra n -4 - th io n e  r e l a t i v e  to  th a t  o f  py ran -4 -one
0.4554*0)
The e r r o r  on each c o o rd in a te , ex cep t th o se  de term ined  d i r e c t l y  by 
is o to p ic  s u b s t i t u t i o n ,  depends on th e  s t r u c t u r a l  assum ptions and th e  
method o f  c a lc u la t io n  le a d in g  from th e  a ssu m p tio n s .
p y ra n -4 - th io n e  I  = 85.3386 a.m.u.X^, •
cl
p y ran -4 -o n e  I  = 86.2809 a.m.u.X^.a
The d if f e r e n c e  in  th e  v a lu e s  o f  I  in d ic a te s  th a t  th e  r in g  o f 
p y ra n -4 - th io n e  i s  n arro w er th a n  th a t  o f p y ran -4 -o n e . The r in g  i s  
n o t s i g n i f i c a n t l y  lo n g e r  as  th e  -  0^ d is ta n c e  in  p y ra n -4 - th io n e  
eq u a ls  2.866 X and in  py ran -4 -o n e  eq u a ls  2.862 X.
In  o rd e r  to  in v e s t ig a te  f u r th e r  th e  n arrow ing  o f th e  p y ra n -4 - 
th io n e  r in g ,  th e  K raitchm an s u b s t i tu t io n  c o o rd in a te s  o f  th e  hydrogen 
atoms were com paired between th e  two m o lecu le s . U sing th e  hydrogen 
c o o rd in a te s  o f  T able 5 th e  fo llo w in g  d if f e r e n c e s  were o b ta in e d .
x ^  (S) -  x (0 ) = 0 .017  8
1 1
XH = 0 ,014  ^
yH (s) -  y„ (o) = 0.002  8
1 1
yH (s) -  y (0) = -0.012 8
S re p re s e n ts  p y ra n -4 - th io n e  and 
0 " p y ran -4 -o n e .
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The d irectio n s o f the above p o s itio n a l changes of the hydrogen atoms 
are shown in  f i g . 2,
S
F ig .2. The d irectio n s o f the change 
in  the p o sitio n s of the hydrogen atoms 
o f pyran-4-thione with respect to  'the 
corresponding p o sitio n s in  pyran-4-one .
A X
— ► y
From the above, i t  can be seen that the narrowing of the pyran-4-thione
r in g  r e su lts  mainly from changes in  the upper portion of the r in g .
To te s t  the v a lid ity  of assuming the C -  0 bond length  as
1.360 2 , structures were calcu lated  for  two d iffe re n t values of r(C -  0)
a s  shown in  T able 6 . The v a lu e s  o f  1.350 2 and 1.370 2 were chosen
since these represent extreme values of th is  bond length  with respect to
the estim ated standard deviation  of 0.008 2 .
The s itu a tio n  of the double bond (C = C) in  pyran-4-thione can be
compared to that found in  enone and diene system s. In acro le in  and
b u ta d ie n e  (21 '), f o r  exam ple, th e  v a lu e s  o f r  (C = C) were found to  bes
1.345 2 and 1.337 2 r e s p e c t iv e ly  and o f r  (C -  C), 1.470 2 and 1.476 2s
re sp ec tiv e ly . Therefore, from Table 6 the value of 1.360 2 for  
r(C^ ~ 0-j) i s  a reasonable assumption because in  order to produce a
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Table 6.
Some s t r u c t u r a l  p aram ete rs  o f p y ra n -4 - th io n e  
u s in g  d i f f e r e n t  v a lu e s  o f  -  0^) .
C2 - ° 1 1.350  2 1.360  2 1.370  2
C -  S 1.6624  2 1.6332  2 1.6072  2
O1O 1.4423  2 1.4657  2 1.4876 2
OIICM
O
1.3669  2 1.3346  2 1.3045  2
C3 ~ H2 1.0677  2 1.0839 2 1.0997  2
C2 - H1 1.080 2 1.080 2 1.080 2
Z .c 2 ° i c 6 117° 8* 116° 48* 116° 30 '
115° 40* 1110 5 6 1 108° 38*
v a lu e  o f  r(C ^  -  C^) of. 1 .470 2 th e  v a lu e  o f  r ? ( “ 0^)  would have to  
be g r e a te r  th a n  1.360  2 and to  produce a  v a lu e  o f r(C ^ s  0^) o f  1.335 2 
th e  assumed v a lu e  o f r(C g ” 0^)  would have to  be d e c re a se d .
As m entioned p re v io u s ly  th e  d ip o le  moment o f p y ra n -4 -th io n e  i s  
l a r g e r  th a n  th a t  o f p y ran -4 -one  and t h i s  would in d ic a te  an in c re a s e d  
c o n t r ib u t io n  to  co n ju g a tio n  in  th e  form er m o lecu le . T h is , in  tu r n ,  
would be expec ted  to  r e s u l t  in  a  re d u c t io n  in  th e  le n g th  o f th e  -  0^
and C, -  C. bonds in  p y ra n -4 -th io n e  w ith  r e s p e c t  to  pyran~4-one. Any 
5 4
e f f e c t  on th e  le n g th  o f  th e  C„ = CL would be expected  to  be sm a ll.
2 3
The e f f e c t  o f in c re a s e d  co n ju g a tio n  can n o t be d is re g a rd e d  s in c e ,  i f  
a n y th in g , th e  v a lu e  o f 1*360 2 f o r  r(C ^ " 0.j) i s  s l i g h t l y  la r g e ,  as i s
b
coCO
1 1 1 5 6H
117 52
2  25











(a )  S tru c tu re  o f  p y ra n -4 - th io n e  (&),
(b ) s t r u c tu r e  o f py ran -4 -one  ( £ ) .
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in d ic a te d  from  th e  r e l a t i v e  v a lu e s  o f  th e  bond le n g th s  in  T able 6 .
F i g .3. shows th e  c a lc u la te d  s t r u c tu r e s  o f  p y ra n -4 - ih io n e  and p y ran -4 -
one. I f  i t  w ere assumed th a t  r(C „ = CL) has th e  same v a lu e  in  bo thc y
m o lecu le s , th e n  from  T able 6 i t  can be seen  th a t  th e  e f f e c t  on th e
bond le n g th s  CL -  CL and CL -  CL would be in  accordance w ith  th e  g r e a te r  4 1 5 4
p a r t i c ip a t io n  o f th e  th io -g ro u p  over th e  k e to -g ro u p  in  th e  reso n an ce  
c o n ju g a tio n .
The bond an g le s  o f th e  p la n a r  s t r u c tu r e  ( F ig .3) su g g es t th e
p resen ce  o f  a n g le - s t r a in  in  th e  m olecu le a s  a  r e s u l t  o f th e  in c o rp o ra tio n
o f th e  oxygen atom in  th e  p la n e . Evidence f o r  t h i s  a n g le - s t r a in  i s
o b ta in ed  from th e  a n g u la r  d i s t o r t i o n  o f th e  CL -  CL bond from  th e4 5
d i r e c t io n  o f th e  a - a x i s .  T his s t r a i n  could  be r e l i e v e d  by a  
d e v ia t io n  from  p la n a r i ty  a s  shown.
T h is , how ever, would r e s u l t  in  a  r e d u c t io n  o f  co n ju g a tio n  w ith in  th e  
m o lecu le .
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CHAPTER 3*
THE MICROWAVE SPECTRUM OP CYCL0HEX-2-EN-1-ONE
3 -1 . I n t r o d u c t io n .
Cyclohexenone i s  a  w ell-know n m olecu le  which i s  o f te n  found a s  a  
c o n s t i tu e n t  r in g  in  l a r g e r  m o lecu les o f chem ical and b io lo g ic a l  
i n t e r e s t ,  f o r  example in  an d ro g en -ty p e  s t e r o i d s .  The r e s u l t s  
p re se n te d  in  th e  r e p o r t  w hich fo llo w s  show c l e a r ly  t h a t  th e  m olecule 
i s  n o n -p la n a r .
Some o f  th e  p o s s ib le  con fo rm ations f o r  cyclohexenone a re  shown
envelope-fo rm  h a l f - c h a ir - fo rm
(a) 0>)
o
b o a t-fo rm
(o)
The b o a t-fo rm  (c )  i s  co n s id e red  u n fav o u rab le  because i t  in v o lv e s  th e  
s t e r i c  i n t e r a c t io n s  o f  two p a i r s  o f e c l ip s e d  hydrogen atom s, w hereas 
form s (a )  and (b) have no e c l ip s e d  hydrogen atom s. The confo rm ation  ( a ) ,  
u n lik e  ( b ) ,  a llo w s f o r  th e  c o p la n a r i ty  o f th e  double bonds and th e re b y
38.
fa v o u rs  re so n a n c e . As y e t ,  i n s u f f i c i e n t  microwave d a ta  i s  a v a i la b le  
to  d e te rm in e  th e  t r u e  geom etry o f  th e  r i n g .  However, i t  i s  shown 
th a t  th e  observed  moments o f  i n e r t i a  can be in te r p r e te d  in  term s o f a  
s t r u c tu r e  w ith  th e  form ( a ) .
Support f o r  t h i s  s t r u c tu r e  can be found from th e  p la n a r i ty  o f  th e  
heavy atom fram e in  cy c lo p e n t-2 -e n -1  -one ( l ) .  The tendency  o f  th e  
c o n ju g a ted  2 -en  and ca rb o n y l double bonds to  keep th e  heavy atoms 
c o p la n a r  i s  o b v io u s ly  s tro n g  enough to  overcome th e  to rq u e  n e c e ssa ry  
to  f i x  th e  two m e th y len ic  g roups in  an u n fav o u rab le  e c l ip s e d  p o s i t io n .  
The a c y c l ic  en -o n e , t r a n s - a c r o l e in  (2) i s  c e r t a in ly  p la n a r  and th e re fo re  
i f  th e r e  i s  l i t t l e  a n g le - s t r a in  in  th e  r in g ,  th e  cyclohexenone m olecule 
shou ld  adop t a  con fo rm ation  to  fa v o u r  c o n ju g a tio n  o f  th e  double bonds.
Only |i a *-type t r a n s i t i o n s  have been observed  and |j& and [iQ 
components o f  th e  d ip o le  moment f o r  th e  ground v ib r a t io n a l  s t a t e  have
-f.
been de te rm in ed  from S ta rk  e f f e c t  m easurem ents as 3*75 “  0.021) and 
0*31 -  0 .01D . No p re c is e  v a lu e  o f th e  component was o b ta in ed  from 
th e  t r a n s i t i o n s  s tu d ie d .
Much a t t e n t i o n  has been fo cu sed  in  r e c e n t  y e a rs  on th e  v ib r a t io n a l  
s a t e l l i t e s  accompanying th e  g ro u n d -s ta te  s p e c tr a  o f  r in g  compounds.
An in v e s t ig a t io n  o f  th e  r e l a t i v e  i n t e n s i t i e s  o f th e  g round - and e x c i te d -  
s t a t e  l i n e s  o f  th e  lo w est v ib r a t io n a l  mode o f  cyclohexenone shows th a t  
th e  v ib r a t io n a l  energy  le v e l s  can be re p re s e n te d  by
Ey  = (95 - 6 )  (v  + J )  cm” 1.
39.
3 -2 . O bserved Spectrum .
The sample o f  cyclohexenone was su p p lie d  by Kodak L td . ,  and th e  
in f r a - r e d  spectrum  in d ic a te d  t h a t  no f u r th e r  p u r i f i c a t i o n  was n e c e s s a ry . 
The sample ( b .p t  170 a t  760m.m. p re s s u re )  and th e  sam ple c e l l  were 
m a in ta in ed  a t  room te m p e ra tu re . From i n i t i a l  e s tim a te s  o f  th e  
s t r u c tu r e  o f  cyclohexenone i t  was a p p a re n t th a t  a - ty p e  t r a n s i t i o n s  
shou ld  p red o m in a te , a lth o u g h  th e  p o s s i b i l i t y  o f b - ty p e  and c - ty p e  
t r a n s i t i o n s  was n o t ex c lu d ed . S u b seq u en tly , on ly  a - ty p e  t r a n s i t i o n s  
w ere o b se rv ed . C o n c e n tra tin g  on R -branch  t r a n s i t i o n s ,  i n  th e  
freq u en cy  range  20 -  27 GHz a  s tro n g  f e a tu r e  o f  th e  spectrum  was a  
p a i r  o f  t r a n s i t i o n s  c e n tre d  a t  26,160 MHz and s e p a ra te d  by 60 MHz.
On th e  b a s is  o f  S ta rk  e f f e c t  s p l i t t i n g s  th e  h ig h e r  freq u en cy  t r a n s i t i o n  
was a s s ig n e d  to  a  K  ^ = 0 l i n e  and th e  o th e r  to  a  K ^  = 1 l i n e .  A 
s im i la r  p a i r  o f  t r a n s i t i o n s  were observed  w ith  a  c e n t r a l  freq u en cy  o f 
22,630 MHz, In  o rd e r  to  c h a ra c te r iz e  th e  J  v a lu e s  o f  th e se  t r a n s i t i o n s  
a  p la n a r  s t r u c t u r a l  model was c a lc u la te d  u s in g  th e  bond le n g th  v a lu e s  
o b ta in e d  from  th e  microwave s tu d y  o f  a c r o le in  (2) •  When assignm ents  
o f  two f u r th e r  t r a n s i t i o n s  had been made, th e  t r a n s i t i o n  f re q u e n c ie s  
observed  th u s  f a r  were used  in  a  le a s t - s q u a r e s  p ro ced u re , a s  o u tl in e d  
in  th e  p re v io u s  c h a p te r ,  a llo w in g  th e  s u c c e s s fu l  p r e d ic t io n  and 
measurement o f th e  spectrum . Each o f th e  observed  g ro u n d -s ta te  
t r a n s i t i o n s  was found to  be accom panied by many s a t e l l i t e s ,  th e  most 
prom inent o f  w hich formed a  p ro g re s s io n  o f s a t e l l i t e  l i n e s  o f  r e g u la r ly  
d e c re a s in g  i n t e n s i t i e s .  E ig . 1 shows a  ty p ic a l  t r a n s i t i o n .  These 















































l i n e s ,  and th e  f re q u e n c ie s  o f  each s e t  o f  s p e c t r a l  l i n e s  could  be
f i t t e d  by c o n v e n tio n a l r i g i d - r o t o r  e x p re s s io n s ,  The m easured 
\
f re q u e n c ie s  o f  th e  observed  l i n e s  a re  shown in  T ab le 1• The 
r o t a t i o n a l  c o n s ta n ts ,  moments o f  i n e r t i a  and p s e u d o - in e r t ia l  d e fe c ts  
(A), c a lc u la te d  from  th e se  m easurem ents, a re  a l s o  g iv e n  in  T able J • 
The A ’ s in c re a s e  in  a  n e g a tiv e  sense  from v = 0 to  v  = 4» 
im p ly in g  th a t  th e  v ib r a t io n  i s  n o t i n  th e  ab p la n e  o f  th e  m o lecu le . 
The d i f f e r e n c e s  betw een th e  m easured and c a lc u la te d  f re q u e n c ie s ,  
even f o r  t r a n s i t i o n s  between J  = 6 — 7 and h ig h  K ^ , have an 
av e rag e  v a lu e  o f  0 .0 7  I'ffiz and in d ic a te  t h a t  th e  e f f e c t  o f  c e n t r i f u g a l  
d i s t o r t i o n  i s  sm a ll.
F or a  p la n a r  heavy atom c o n f ig u ra tio n  th e  main c o n tr ib u t io n  
to  th e  i n e r t i a l  d e fe c t  ( A )  would come from  th e  s ix  m e th y len ic
hydrogen a tom s. For C -  H bond le n g th s  o f 1 .09  2 and te t r a h e d r a l
HCH a n g le s
A  ^  \  mi ci 2 *** "9*5 a .m .u .X 2
where c^ , i s  th e  o u t-o f -p la n e  c o o rd in a te  o f  th e  i  vt h  atom . The
observed  v a lu e  o f  -17*24 a .m .u .S 2 c l e a r ly  in d ic a te s  t h a t  a t  l e a s t  one
o th e r  atom i s  c o n t r ib u t in g  to  t h i s  q u a n t i ty .  A s t r u c tu r e  f o r
cyclohexenone, w ith  oxygen and f iv e  o f  th e  carbon atom s co p lan a r and
one carbon atom 0(5 ) d e v ia t in g  from t h i s  p la n e , i s  shown in  F ig .2 .
The v a l i d i t y  o f t h i s  model was checked by a  c a lc u la t io n  o f  th e  moments
o f  i n e r t i a  f o r  th e  s t r u c t u r a l  p a ram ete rs  shown in  F ig .2 .  The bond
le n g th  and bond an g le  v a lu e s  o f  th e  co n ju g a ted  re g io n  were ta k en
d i r e c t l y  from  th e  r  s t r u c tu r e  o b ta in e d  f o r  a c r o le in  (1)» a^d th es
42
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P i g .2 . A model f o r  cyc lohexenone  ( 8 ) .
45.
c o n f ig u ra t io n s  o f  C(4)> 0 (5 ) and C(6) were ta k en  a s  ap p ro x im ate ly  
t e t r a h e d r a l .  The c a lc u la te d  and observed  moments o f  i n e r t i a  a re  
g iv e n  in  T a b le -2 . The v a lu e s  a re  in  re a so n a b le  agreem ent and th e  
c a lc u la te d  p s e u d o - in e r t ia l  d e fe c t  im p lie s  th e  c o r r e c t  d eg ree  o f  non­
p l a n a r i t y .
T able 2 .















3 -3 . R ing-bend ing  V ib ra t io n .
F u r th e r  in fo rm a tio n  was sought co n ce rn in g  th e  p o te n t ia l  
fu n c tio n  f o r  th e  v ib r a t io n  m entioned e a r l i e r .  F o r a  s t r a i n - f r e e  
r in g  w ith  no to r s io n a l  b a r r i e r ,  th e  p o te n t i a l  fu n c tio n  w i l l  be 
p a r a b o l ic  in  form . A b a r r i e r  to  to r s io n  about th e  s in g le  bonds 
in  th e  r in g  would r e s u l t  i n  a  p a i r in g ,  to  some e x te n t ,  o f  th e  
v ib r a t io n a l  energy  le v e l s  w ith  a  consequent a l t e r n a t in g  v a r i a t io n  
i n  th e  d i f f e r e n c e s  betw een th e  r o t a t i o n a l  c o n s ta n ts  f o r  a d ja c e n t 
v ib r a t io n a l  s t a t e s .  The r o t a t i o n a l  c o n s ta n ts ,  when p lo t te d  a g a in s t  
th e  v ib r a t io n a l  quantum number ( F ig .3) ,  show no ev idence o f  t h i s  
b eh av io u r and th e re fo re  th e  v ib r a t io n a l  p o te n t ia l  fu n c tio n  ap p ea rs  
to  have a  s in g le  minimum. The r e l a t i v e  i n t e n s i t i e s  o f  th e  
v ib r a t io n a l  s t a t e s  were examined in  o rd e r  to  d e term ine  th e  dependence 
o f  th e  energy  l e v e ls  on v ib r a t io n a l  am p litu d e . For a  p u re ly  
q u a d ra t ic  p o te n t i a l  fu n c tio n ,  th e  v ib r a t io n a l  energy le v e l s  a re  
ev en ly  sp aced . A q u a r t i c  te rm  cau ses  th e  energy l e v e ls  to  d iv e rg e  
w ith  in c re a s in g  v a lu e s  o f  v .
The r e l a t i v e  i n t e n s i t i e s  were o b ta in ed  by com paring th e  peak 
h e ig h ts  o f  th e  g ro u n d -s ta te  and e x c i t e d - s t a t e  l i n e s  o f  c e r t a in  o f th e  
t r a n s i t i o n s ,  u nder th e  same o p e ra t in g  c o n d it io n s .  The s ig n a ls  from 
th e  s tro n g e r  t r a n s i t i o n s  were a t te n u a te d  u n t i l  th e y  w ere reduced  to  
ap p ro x im ate ly  th e  same h e ig h t a s  th e  w eakest l i n e .  T h is  was ach ieved  
by an a t te n u a to r  c a l ib r a te d  in  d e c ib e ls  (range  0 - 7 0  d .b . )  p laced  
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F i g .5* V a r ia t io n  o f r o t a t i o n a l  c o n s ta n ts  w ith  v ib r a t io n a l  quantum number.
m a in ta in  c o n s ta n t power a t  th e  d e te c to r  and c o n s ta n t p re s s u re  in  
th e  c e l l*  A s u i ta b le  S ta rk  v o lta g e  was used  f o r  each  t r a n s i t i o n  
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( e r r o r  on each measurement -  1 .5  d .b . )
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U sing th e  Boltzmann d i s t r i b u t i o n  o f  p o p u la tio n ,
V N0 = V V0 = e ' AEhc/kT
and th e  r e l a t io n s h ip ,
1 d e c ib e l  = 20 lo g  V-jA q*
th e  e n e rg ie s  o f  th e  su c c e s s iv e  v ib r a t io n a l  s t a t e s  v were c a lc u la te d
- I
in  cm from
49.
w here lo g  V /V q = lo g  in p u t v o l ta g e /o u tp u t  v o lta g e  
( d ,b . )  =s number o f  d e c ib e ls ,
k B oltzm ann’s c o n s ta n t 
te m p e ra tu re , 300°K,T
h P la n c k ’s c o n s ta n t
c v e lo c i ty  o f l i g h t
I f  th e r e  were an energy  b a r r i e r  in  th e  p o te n t ia l  fu n c t io n ,  
th e  r e s u l t i n g  p a i r in g  o f  th e  v ib r a t io n a l  energy  le v e l s  shou ld  be 
a p p a re n t i n  th e  r e l a t i v e  i n t e n s i t y  d a ta .  W ith in  th e  r a th e r  
l im i te d  ex p e rim en ta l a ccu racy  no such p a i r in g  was e v id e n t and th e  
v a lu e s  o f  th e  v ib r a t io n a l  energy  le v e l s  can be re p re s e n te d  by
and cou ld  be s a id  to  co rrespond  to  a  q u a d ra t ic  p o te n t i a l  fu n c t io n .
Ev (95 -  6) (v  + i )  cm"1
50.
5 -4 . M easurement o f  th e  .Dipole Moment.
F or th e  q u a n t i ta t iv e  measurement o f th e  S ta rk  s p l i t t i n g s ,  
th e  sp e c tro m e te r  was c a l ib r a te d  u s in g  th e  J  = 1 —- 2 t r a n s i t i o n  o f
OCS, ta k in g  i t s  d ip o le  moment a s  0 .7124 D (5)* The v a lu e  o b ta in ed
2 - 2  -2f o r  th e  c e l l  c o n s ta n t C was 1,099MHz v o l t s  dehye « The S ta rk
s h i f t s  o f  th e  t r a n s i t i o n s  5 -  52^ ~ 42^ 52^ ~ 422 were
m easured and found to  be second o rd e r ,  a s  was ex p ec ted . S ince a
f u l l  accoun t o f th e  measurement and a n a ly s is  o f th e  S ta rk  s p l i t t i n g s
has been g iv e n  in  C hapter 2 i t  w i l l  n o t be re p e a te d  h e re .
The e x p re s s io n s  f o r  th e  d ip o le  moment components o f  th e
t r a n s i t i o n s  s tu d ie d  were de term ined  a s
M
515 -  414
2 0.1087
CM
+ 0.1591 + 14.8244 \L 2“c = 2.9487
5 0.3507
2
Ha + 0.4507 Hb2 + 53.5491 n 2 r c 8.1184
524 ~ %
1 0.3175 Ha" -  0.0119 Hb2 + 0.0785 H 2“  c = 4.4663
523 -  422 5 -2 .6815 -1 .0430 Hb2 + 0.0148
\L 2“ c = -37 .5657
2The la rg e  c o e f f i c ie n t s  o f  th e  te rm s in  \iQ f o r  th e  5 ^  -  4 ^
t r a n s i t i o n  show th a t  th e  S ta rk  s p l i t t i n g s  o f  t h i s  t r a n s i t i o n  a re
s tro n g ly  11 d ependen t, w hereas th e  c o e f f i c ie n t s  o f  th e  term s in  ■ c
p
\l ^  show t h a t  th e re  i s  no S ta rk  e q u a tio n  in  which \i ^ e n te r s  






F ig .4 . D ipole moment p lo t  f o r  cyclohexenone.
52
( F ig .4) f o r  fia 2 and j ^ 2
n 2 = 14.026 D2
cl
|i = 3 .75 -  0 .02  Da
2 [1 = 0.31 -  0.01 DV c
The t o t a l  d ip o le  moment in  benzene s o lu t io n  has been m easured a s  
3 .62  i  0 .0 5  D ( 4 ) .  The n o n -zero  y a lu e  o f  p ro v id es  f u r th e r  
ev idence  f o r  th e  n o n -c o p la n a r i ty  o f th e  heavy atoms o f th e  m olecule
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CHAPTER 4.
THE MICROWAVE SPECTRUM AND 14NITROGEN -  QUADRUPOLE COUPLING IN
DIPLUOROCYANAMILE.
4-1 > I n t r o d u c t io n ,
The microwave spectrum  o f  NE^CN has been s tu d ie d  and an
approx im ate  s t r u c tu r e  has been c a lc u la te d  to  f i t  th e  moments o f
i n e r t i a .  The ^^N -quadrupole f in e  s t r u c tu r e  has been re so lv e d  and
th e  a n a ly s i s  y ie ld e d  th e  fo llo w in g  v a lu e s  o f th e  c o n s ta n ts  f o r  ffii^CN.
amino  ^ -  Q»2 MHz x^fc = 5*5 -  0 -2  MHz
cyan ide  Ng : X ^  = -4  “ 0 ,4  MHz x ^  = 2 -  0 ,4  MHz
The d ip o le  moment was d e te rm in ed , w ith  component v a lu e s  o f
li = 1 ,03  -  0,01 I) and |i = 0 ,3 4  -  0.01 I) and a - t o t a l  d ip o le  a  c
moment v a lu e  o f  1 .09  U. The u n c e r ta in ty  in  th e  p o s i t io n  o f  th e  
lo n e  p a i r  in  t h i s  m olecule causes a  problem  in  a cc o u n tin g  f o r  th e  
d ip o le  moment v a lu e  in  term s o f s im ple m odels and in  acc o u n tin g  f o r  
th e  quadrupo le  c o u p lin g  c o n s ta n ts  in  te rm s o f  resonance  s t r u c t u r e s .  
The s t r u c tu r e  o f  NPgCN has been determ ined  by the method o f  
i s o to p ic  s u b s t i tu t io n  by R, H. Schwendeman, P . Lee and P ro f ,  K. Cohn 
and a w a its  p u b l ic a t io n .
54.
4 -2 . Spectrum  o f D ifluo rocyanam ide .
D ifluorocyanam ide i s  a  w h ite  s o l id  a t  -196° ahd a c o lo u r le s s
• k'J!
l i q u id  below i t s  m elt-iiig p o in t ,  -61 • I t  was p rep a red  by e lem en ta l 
f lu o r i n a t io n  o f an aqueous cyanamide s o lu t io n  by a  method d e sc r ib e d  
in  C hapter 7 and s im i la r  to  t h a t  o f  Meyers and Prank ( l ) . The 
l a t t e r  a u th o rs  c h a ra c te r iz e d  th e  compound a s  PgN -  C = l\f from  th e  mass 
spec trum . C olthup (2) has c a r r ie d  ou t a  com plete in f r a r e d  s tu d y  
and v ib r a t io n a l  a n a ly s is  and has e l im in a te d  th e  p o s s i b i l i t i e s  o f 
a  ca rb o d iim id e  s t r u c tu r e ,  -  N = C = N - ,  an iso c y a n o d if lu o ro  amine 
s t r u c t u r e ,  ^  -  t  = C and a d if lu o r o  d ia z o  s t r u c tu r e ,  FgH = H = « ,  
f o r  th e  compound. Only th e  cyanamide form was observed  in  th e  
microwave spectrum .
The in f r a r e d  spectrum  o f th e  p rep a red  sample corresponded  c lo s e ly  
to  t h a t  observed  by C olthup (2 ) .  The sample was s to re d  in  a  g la s s  
bu lb  a t  room te m p era tu re  and ov er a  p e r io d  o f  s e v e ra l months th e re  was 
no ev idence  o f  deco m p o sitio n . The spectrum  was o b se rv ab le  a t  room 
te m p e ra tu re , b u t th e  r e s u l t a n t  g a in  in  in t e n s i t y  m e rite d  a  s tu d y  o f th e  
spectrum  w ith  th e  c e l l  a t  d ry  ic e  te m p e ra tu re .
The model chosen to  h e lp  in  th e  a n a ly s is  o f th e  spectrum  was non-
p la n a r ,  in c o rp o ra t in g  th e  bond le n g th s  and bond an g le s  from  th e
microwave s tu d y  o f cyanamide (3) and an r(N  -  P) v a lu e  o f  1.371 ^
-  +  ■*
from  n i t ro g e n  t r i f l u o r i d e  (4 ) . The p la n a r  s t r u c tu r e  X^N = C = N,
w hich i s  co n s id e re d  to  be an im p o rtan t c o n tr ib u tin g  sp e c ie s  to  th e
s t r u c tu r e  o f cyanamide ^3) (X i s  H) and w hich ten d s  to  make th e  m olecule
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p la n a r ,  i s  exp ec ted  to  be o f l e s s  im portance in  th e  f lu o r in e  
analogue*
The | l a  R -branch  t r a n s i t i o n  f r e q u e n c ie s ,  c a lc u la te d  by means 
o f  th e  m odel, in d ic a te d  a  s e a rc h  f o r  th e  J  = 2 — 3 group o f t r a n s i t i o n s  
betw een 20 and 23 GHz and th e  J  -  3 —■ 4 group between 28 and 31 GHz. 
The spectrum  was a ss ig n e d  in  th e  re g io n  o f  th e  more in te n s e  J  = 3 — 4 
t r a n s i t i o n s ,  by a  s im i la r  method to  t h a t  d e sc r ib e d  in  e a r l i e r  c h a p te r s .
Im p u rity  l i n e s  were observed  f o r  N^O, COP^, H^O, HCN, FCNand 
C1CN, w ith  th e  t r a n s i t i o n s  o f  th e  l a t t e r  th r e e  m olecu les b e in g  v e ry  
s tro n g  in d e e d , even w ith  th e  c e l l  a t  room te m p e ra tu re . H^O and NH^  
w ere removed from  th e  c e l l  by means o f  th e  Lewis a c id  BF*. The
j
occurence o f PCN and C1CN has to  be e x p la in e d , a s  n e i th e r  o f th e se  
im p u r i t i e s  were p re s e n t i n  th e  in f r a r e d  spectrum  o f  th e  sample and 
w ere n o t quoted  a s  p re s e n t  in  th e  crude p ro d u c t by Meyers and P rank . 
W ith th e  c e l l  and sample c lo sed  to  th e  pumps, a  sm all dose o f  th e  
sample was in tro d u c e d  to  th e  c e l l  and th e  i n i t i a l l y  s tro n g  
defluo rocyanam ide  t r a n s i t i o n  was observed  to  lo s e  some o f  i t s  i n t e n s i t y  
a s  tim e p a s se d . L ikew ise , a  t r a n s i t i o n  o f  PCN and C1CN were 
observed  to  in c re a s e  in  i n t e n s i t y  w ith  tim e . T h e re fo re , i t
would ap p ea r t h a t  th e  d iflu o ro cy an am id e  was decom posing and th a t  
PCN and C1CN were b e in g  formed in  th e  c e l l .  The most p ro b ab le  
so u rce  o f  c h lo r in e  would be p a r a - c h lo r o - a n i l in e ,  w hich was th e  
sam ple l a s t  s tu d ie d  in  th e  c e l l .  The f lu o r in a t in g  a g e n ts  WP^  and 
MoP^ were in tro d u c e d  to  th e  c e l l  in  an a tte m p t to  f lu o r in a te  p a ra -  
c h lo ro - a n i l in e  and r i d  th e  c e l l  o f c h lo r in e .  T h is  proved to  be
u n s u c c e s s fu l and C1CN and PCN were p re s e n t  in  th e  spectrum , in  
u n d im in ish in g  i n t e n s i t y ,  th ro u g h o u t th e  s tu d y  o f  d ifluo rocyanam ide*
I t  shou ld  be m entioned t h a t  th e  p re sen ce  o f  PCN was n o t checked in  
th e  spectrum  b e fo re  adm ission  o f  th e  f lu o r i n a t in g  a g e n ts  to  th e  c e l l .  
From th e  above i t  would app ea r t h a t  th e re  i s  a  v e ry  sim ple pathway 
to  PCN ( 5 ) .
Prom th e  v ib r a t io n a l  a n a ly s i s  c a r r ie d  ou t by C olthup ( 2) ,  th e
-1v ib r a t io n s  w ith  fundam ental freq u en cy  l e s s  th a n  500 cm a re  g iven
The expec ted  i n t e n s i t i e s  o f th e  v ib r a t io n a l  s a t e l l i t e  l i n e s  accompany­
in g  each ground s t a t e  t r a n s i t i o n  can be c a lc u la te d  from  th e  
fundam ental freq u en cy  o f  th e  v ib r a t io n  and th e  Boltzmann e q u a tio n .
The i n t e n s i t i e s  r e l a t i v e  to  th e  ground s t a t e  a t  room tem p era tu re
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and at -80°C are given in Table 1•
T ab le  1•
R e la t iv e  i n t e n s i t i e s  a t  195°K and 300°K o f  g round- and e x c i te d -  
s t a t e  t r a n s i t i o n s  w ith  fundam ental freq u en cy  w  cm" .
T = 195°K T ' = 300°iL
-1u> cm R e l. I n t , R e l. I n t .
0 1 1
100 0 .4 8 0 .6 2
200 0 .23 0 .3 8
300 0.11 0 .2 4
400 0 .05 0 .15
300 0 .0 2 0.09
From T able 1 th e  r o t a t i o n a l  t r a n s i t i o n s  in  th e  f i r s t  v ib r a t io n a l  
e x c i t e d - s t a t e  o f  w i l l  n o t be r e a d i ly  o b se rv a b le . T h is  i s
borne o u t e x p e r im e n ta lly  a s  o n ly  two v ib r a t io n a l  s a t e l l i t e  t r a n s i t i o n s ,  
accom panying each  g ro u n d -s ta te  t r a n s i t i o n ,  w ere i d e n t i f i e d .  The 
above a n a ly s i s  o f  th e  r e l a t i v e  i n t e n s i t i e s  o f  th e  v ib r a t io n a l  
s a t e l l i t e  t r a n s i t i o n s  i s  in  f a i r  agreem ent w ith  th e  q u a l i t a t iv e  
i n t e n s i t i e s  observed  e x p e r im e n ta lly , F ig .1  shows th e  ground- 
and f i r s t  e x c i t e d - s t a t e  o f o f th e  505 — 404 t r a n s i t i o n .  The 
m easured f re q u e n c ie s  o f  th e  observed  l i n e s  a re  shown in  T able 2 .
The r o t a t i o n a l  c o n s ta n ts  c a lc u la te d  from  th e se  measurem ents a re  a ls o  
g iv en  in  T able 2 , The s tro n g e r  s a t e l l i t e s  a re  d e f in e d  as
b e lo n g in g  to  V ^ and th e  weaker s a t e l l i t e s  to  v ^ (2 ) 
A lthough on ly  fo u r  t r a n s i t i o n s  were m easured f o r  th e  second
e x c i t e d - s t a t e  o f  V , th e  r o t a t i o n a l  c o n s ta n ts  o b ta in ed  (T able 2)
9
yF ig .1 . The ground- and f i r s t  e x c ited -s ta te  of
1200 YOLTS.
in  the 5q5 -  404
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in d i c a te  t h a t  th e  v ib r a t io n  i s  c lo s e ly  harm onic a s  shown
A a A b A c A(A)
( r  = 0} -  ( v  = 29.52 -1 7 .5 0  -1 .2 3  0.2386
( v = l )  -  (v  = 2) 29 .04  -1 7 .2 8  -1 .1 8  O.2344
4 -5 . D e te rm in a tio n  o f  th e  D ipole Moment.
A s im p le r  and more e f f i c i e n t  ex p erim en ta l method th a n  th a t  
p re v io u s ly  d e sc r ib e d  was adop ted  f o r  th e  measurement o f  th e  d ip o le  
moment o f  d iflu o ro cy an am id e . T h is method in v o lv ed  th e  a p p l ic a t io n  
o f  a  sm all m odu lation  v o lta g e  clamped onto  a  v a r ia b le ,  p r e c i s e ly  
known B.C. v o l ta g e ,  which was su p p lie d  by a  F luke 415B power su p p ly .
The m odu la tion  v o l ta g e ,  r e q u ire d  to  re s o lv e  th e  S ta rk  component about 
to  be m easured, was s e le c te d .  The zero  f i e l d  l i n e  was f i r s t  
measured and th en  th e  B.C. v o lta g e  was v a r ie d .  The change in  th e  
p a t te r n  o f  th e  t r a n s i t i o n  on a p p l ic a t io n  o f  a  B.C. f i e l d  i s  re p re s e n te d  
in  F ig .2 .  F or each B.C. v o lta g e  V, th e  freq u en cy  o f  th e  component 
co rresp o n d in g  to  th e  B.C. v o lta g e  a lo n e  was m easured. To keep th e  
S ta rk  lo b e  w e ll d e f in e d , i t  was sometimes n e c e ssa ry  to  reduce  th e
V + V tti
(b)
V + V m
F ig .2 . The S ta rk  components o f  th e  2q2 “ 101 t r a n s i t i o n .  (a )  
shows th e  u s u a l  S ta rk  m odu lation  p a t te r n  f o r  a  m odulation  v o lta g e  
V and (h) shows th e  p a t te r n  produced when a  D.C. v o lta g e  V and a  
sm all m odu la tion  v o lta g e  Vm i s  a p p l ie d .  As V i s  v a r ie d  th e  
d is ta n c e  from  th e  zero  f i e l d  l i n e  0 v a r i e s .
m odu lation  v o lta g e  a t  h ig h  v a lu e s  o f D.C. v o lta g e .
The S ta rk  components o f  th e  2^  ” ^Q1 ^03 ~ ^02 ^roun^“‘
s t a t e  t r a n s i t i o n s  w ere s tu d ie d  f o r  th e  d e te rm in a tio n  o f th e  d ip o le  
moment. The g raphs o f  a g a in s t  freq u en cy  d isp lacem en t were 
l i n e a r ,  th u s  v e r i f y in g  th e  expected  q u a d ra t ic  n a tu re  o f  th e  S ta rk  
e f f e c t .  The m easured freq u en cy  s h i f t s  and v o lta g e s  a re  shown in  
T able 3 . The c e l l  was c a l ib r a te d  by s im i la r  measurem ents o f th e
S ta rk  lo b e s  o f  th e  J  = 1 — 2 t r a n s i t i o n  o f  OCS assum ing i t s  d ip o le
2 —2moment a s  0 .7124 D (6 ) . A c e l l  c o n s ta n t C o f 1.0743 MHz v o l t s  
-2debye was o b ta in e d .
The S ta rk  p e r tu rb a t io n  c o e f f i c ie n t s  were c a lc u la te d  as
6 3 -
T a b le  3 .
The freq u en cy  s h i f t s  A v (MHz) a t  v o lta g e s  V f o r  th e  S ta rk  components 
o f th e  2q2 ~ ^01 ^03 “ 202 "^ rans;i-^^ons#
202 "  101 M = 0 M a  0
Av A v  v2 x 10”4
1 .73  1 .86 9
3 .33  3.46  16
5 .30  5 .42 25
7 .64  7.91 36
10.42  10.81 49
13.67 14.36 64
305 -  2Q2 M = p M = 1 M = 2
Av Av Av v2 x 10‘ 4
3.20  36
4 .4 7  49
2.66  0 .4 7  5 .96  64
3*38 0.61  7.65  81
4 .12  0 .7 3  9 .42  100
5 .0 5  0 .8 8  11 .38  121
5 .9 8  1 .06  144
7 .02  169
d e s c r ib e d  in  C hap ter 2 and a re  shown on th e  L .H .S . o f  eq u a tio n s  (1 ) .
The e x p re s s io n s  f o r  th e  S ta rk  e f f e c t  d isp lacem en ts  f o r  th e  t r a n s i t i o n s
s tu d ie d  were d e term ined  as
2 -  1 02 *01
M = 0 -1 .9712  u 2 .+ 0.9340 M 2 = -1 .9 8 6 4• a  c
M = 1  +1.5922  |4a 2 + 3.0895 Hc2 = +2#0255
303 “  202
m = 0 - 0.3536  Ha 2 -  0.0554  nc2 = - 0.3863
64 .
M = 1 -0 .1 1 5 7  Ha 2 + 0 .4964 p c2 = -0 .0607
M = 2 +0.5980 p a 2 + 2.1491 p c2 +0.8741
E q u atio n s  (1 ) were so lv ed  f o r  ji^2 and by means o f  th e  graph
sho rn  in  P ig . 3 . The v a lu e s  were -
Ha = 1,03 ” °*01 I> He = °*34 “ °‘01 D
|4 = 1 .09  D
The v a lu e s  f o r  th e  d ip o le  moment may be compared w ith  th o se  
o f  th e  fo llo w in g  m olecu les
M H a Mb H c R ef.
NH,
P 1 .47 7
HPgH 1.92 1.26 1.44 8
NP0CH.. 2 P 2 .57 2 .5 4 0 .4 4 9
NP..
p 0 .23 10
NH2CN 4 .3 4 0 .86 11
NP2CN 1.09 1 .03 0 .3 4 -
In each o f these ammonia d er iv a tiv es  the presence o f the lon e-  
pair o f e lectron s i s  expected to make a large contribution to  the 
net d ip ole  moment. The very low value observed for  NP^  i s  
u su a lly  explained by a can cella tion  between the three N -  P bond 
moments and the lone-p air  moment. Therefore, because of the three  
e lectron egative  su b stitu en ts present in  NP2CN, d ipole moment i s  
expected to  be much reduced from that o f NH^ CN, as was found. However, 
i t  i s  d i f f i c u l t  to  estim ate d ipole moments q u an tita tive ly  in  polyatomic
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O'l 0*2 0*3 0'4 0-5 0*6 0 -7  D
D ipo le moment p lo t  o f eq u a tio n s  (1) f o r  NIVCN,
m o lecu le s , s in c e  th e  e l e c t r i c  d ip o le  moment i s  de term ined  by th e  
charge d i s t r i b u t i o n  over th e  e n t i r e  m olecu le  and th e  changes in  th e  
d ip o le  moment v a lu e s  o f  th e  above m o lecu le s , r e l a t i v e  to  one a n o th e r , 
a re  n o t e a s i l y  d is c u s s e d .
4 -4 . C a lc u la te d  S tru c tu re  f o r  NF^CN.
S ince  o n ly  th e  r o t a t i o n a l  c o n s ta n ts  f o r  th e  norm al i s o to p ic
s p e c ie s  have been d e te rm in ed , i t  i s  im p o ss ib le  to  d e r iv e  a  com plete ly
unambiguous s t r u c tu r e  f o r  NF^CN. N e v e r th e le s s , by c o m p a rin g  th e
s t r u c tu r e s  o f  NF, and NF_H w ith  th e  p o s s ib le  s t r u c tu r e s  o f NF0CN,$ d d
c e r t a in  t e n t a t i v e  co n c lu s io n s  may be re a c h e d . The P -  F d is ta n c e  
in  NP^CN i s  g iv en  by
where i s  th e  Z -c o o rd in a te  o f th e  f lu o r in e  atom and i s  th e  
atom ic mass o f f lu o r in e .  Hence th e  P -  P d is ta n c e  was found to  be 
2.187 2 , and in  T able 4 t h i s  r e s u l t  i s  compared w ith  s e v e ra l o th e r s .  
S ince th e  F — P d is ta n c e  in  NF£CN i s  v e ry  s im i la r  to  t h a t  in  NF^H and
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NFgCH^, i t  would seem t h a t  NFgCN compares w ith  th e  d i f l u o r o -  
compounds r a t h e r  th a n  NF
j
T able 4*
F ~ F d is ta n c e s  in  some r e l a t e d  m olecu les ( 2 ) .
F -  F R e fs .
NF, 2 .134  4
NFpH 2.190 8
NFpNF_ 2.216  12
NFpGHl 2.181 9
NF^CN^ 2.187 t h i s  work
The e f f e c t  o f  n i t r i l e  s u b s t i tu t io n  on th e  o th e r  bond le n g th s
cannot a s  y e t  be determ ined  e x a c t ly ,  b u t re a so n a b le  l i m i t s  f o r  th e
v a lu e s  o f  th e  bond le n g th s  can be found in  th e  fo llo w in g  way. 
Assuming t h a t  NON i s  l i n e a r ,  th e re  a re  f iv e  p a ram eters  re q u ire d  to  
d e f in e  th e  s t r u c tu r e  o f th e  m o lecu le . The s t r u c t u r a l  assum ptions 
made in  th e  a n a ly s is  were t h a t  r(C  = N) has a  v a lu e  o f  1.159 2 (5*13) 
and th a t  r(N  -  F) has a  v a lu e  o f  1*400 2 as  in  NF^H (T ab le 6 ) .
The v a lu e  o f  r(N  -  C) was th e n  v a r ie d  u n t i l  th e  c a lc u la te d  moments
o f  i n e r t i a  w ere th e  same a s  th e  observed  moments. The c a lc u la t io n  
was th e n  re p e a te d  u s in g  th e  v a lu e  o f 1.371 2 f o r  r(N  -  F) ta k en  from 
th e  microwave s t r u c tu r e  o f  NF^ (T able 6 ) .  The two s t r u c tu r e s  
o b ta in e d  f o r  NF^CN a re  shown in  Table 5* The a c tu a l  v a lu e  o f 
r(N  -  F) in  NF^CN i s  expected  to  be between th e  two v a lu e s  chosen, 
p ro b ab ly  c lo s e r  to  th e  v a lu e  o f 1.400 2 o b ta in ed  from NF^H s in c e ,  as  
m entioned e a r l i e r ,  NF^CN p ro b ab ly  resem bles d i f lu o r o — compounds more
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Table 5*
S tr u c tu r a l  p aram ete rs  o f  lIFgCN.
amino n it ro g e n  i s  N cyanide n it ro g e n  i s
S tru c tu re  I S tru c tu re  I I
assumed s
r(N  -  F)




1 .159  A
c a lc u la te d  :
o
'i 1 .548  2 , 
102 4 2 . 
59® 21, 
108 34
1.409  2 
105°  4 0 ; 
62° 36, 
103 16










<j> i s  th e  an g le  between th e  HliLH b i s e c to r  and th e  C -  N. bond 
ex ten d ed . (^2^1 “ ^ “  ^2^*
T able 6 .
The microwave s t r u c tu r e s  o f NFgH (8) and NF^ ( 4 ) .
NF2H :
r(N  -  F) 1 .400 2 ,
/FN F 102 54,
2 f NH 98° 12
NF_ :
5
r(N  -  F) 1.371 X,
^FNF 102 9 •
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c lo s e ly  th a n  NF^. A lso i t  has heen  observed  in  NF and CF compounds 
t h a t  su c c e s s iv e  f lu o r in a t io n  le a d s  to  a  su c c e ss iv e  sh o r te n in g  o f  N -  F 
and C -  F bonds r e s p e c t iv e ly *  Examples o f t h i s  c o n tra c t io n  on 
f lu o r i n a t io n  a re  g iv en  in  T ab les 6 and 7 .
T able 7 .
P aram e te rs  f o r  s e v e ra l  s e r i e s  o f  compounds c o n ta in in g  f lu o r in e  ( 2 ) .
C - F  C -  H C - C  R ef.
CH F 1 .384  1 .109 14
CH^F 1.358  1 .092 15
CHF, 1 .332 1 .098 16
CH CH* 1.094 1.534 17
CH^CHpF 1.398 1.095* 1.505 18
CH'CF* 1 .348 1.492 19
5 5
CH,CN 13
CF'CN 1.335 1.461 19
3 H
* r e f e r s  to  th e  C -  H bond in  -  C -  F
H
I t  can a l s o  be seen  from T able 7 th a t  th e  a ttach m en t o f 
f lu o r in e  atoms to  a  carbon atom red u ce s  th e  bond le n g th s  o f o th e r  
bonds to  t h a t  carbon atom . I t  m igh t, th e r e f o r e ,  be ’expected  th a t  
th e  v a lu e  o f  r(N 1 -  C) in  NF^CN should  be th e  same, o r s h o r te r ,  
th a n  th a t  o b ta in e d  in  NH CN. (The bond le n g th  o f  ^  -  C was found
to  be 1.346  2 in  NHgGN (3) )•  T his would ag a in  im ply th a t  th e  
s t r u c tu r e  o f  NF^CN i s  c lo s e r  to  th a t  o f S tru c tu re  I  r a th e r  th a n  
S tru c tu re  I I •
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The v a lu e  o f 1 .159 2 chosen f o r  r(C  s  n ) in  NFgCN was o b ta in ed
from th e  v a lu e s  o f  t h a t  bond found in  X -  CH (where X = H, CH^, F , C l,
B r, I (5 y1 3 ))•  T h is assum es th a t  th e  t r i p l e  bond le n g th  i s  l i t t l e
a f f e c te d  by th e  wide v a r i a t io n s  in  th e  n a tu re  o f th e  a t ta c h e d  g roups. 
However, th e  a c c u ra te  d e te rm in a tio n  o f th e  v a lu e  o f  1 .155 2 f o r  
r(C  = N) i n  CF^CN (1 9 ) , r a i s e s  th e  p o s s i b i l i t y  th a t  th e  v a lu e  o f  r(C  s  N) 
in  NFgCN may be s h o r te r  th a n  1 .159 2. A nother example o f a  s h o r t  
t r i p l e  bond was o b ta in ed  in  t r i f lu o ro -m e th y l  a c e ty le n e  (2 0 ) , where 
th e  v a lu e  o f  r(C  2  c) was found to  be 1.201 2 which i s  somewhat s h o r te r
th a n  th a t  found in  m ethyl a c e ty le n e  i t s e l f  ( 14) .  However, d i -
f lu o r in a t io n  may n o t r e s u l t  in  a  sh o r te n in g  o f th e  n i t r i l e  bond from 
i t s  c h a r a c t e r i s t i c  v a lu e .
The a n g le  <|) o f ap p ro x im ate ly  60° c a lc u la te d  f o r  NF^CN, i s
o *c o n s id e ra b ly  l a r g e r ,  a s  ex p ec ted , th a n  th e  v a lu e  o f  37 58 o b ta in ed
f o r  NH2CN ( 3 ) .
In the case of NF^ CN., where there are two. non-equivalent 
nitrogen quadrupolar n u c le i, the an a lysis  of the quadrupole f in e  
structure was carried out using the f ir s t-o r d e r  nuclear quadrupole 
coupling theory o f  Bardeen and Townes (2 1 ,2 2 ). Both n u cle i were 
expected' to d isp lay  comparable couplings with the ro ta tio n a l motion 
o f  th e  molecule and a l l  calcu lated  s p lit t in g s  were obtained from 
the f u l l  secu lar  determinants for  each le v e l o f the tr a n s it io n . The 
determinants. were: solved by means o f a computer program w ritten  by 
Macdonald (23) • Since 1^  = 1 = 1  the la rg est secular determinant 
was a 3 x 3.
Sough estim ates were made of the magnitude and signs o f the
coupling constants for  both nitrogen n u c le i. The C -  Ng bond
d irection  d ev ia tes by approximately 17° from the a- prin cip a l ax is
hZYo f  th e  m olecule and i t  was assumed that •y ( = eQ   ) for  the/ \ a a  rj
i Acyanidh 1\F, was equal to the coupling constant along the C -  bond 
and. th at the f ie ld  at the nitrogen was symmetric about the tr ip le  
bond,, that i s  -  X n c ’ A survey of cyani(ie molecules indicated
a  probable value of -4  MHz for ^ aa* For the amino a value of 
-6  MHz. was assumed1 for the coupling constant in  the d irection  of the 
lone pair, which was assumed to be in  the d irection  of the c -a x is  
of th e molecule.. Therefore, X cc = MHz. The value of 




t dam m o ' d  : )( -  +2 MHz v  = +6  MHz.
'c
kaa
^  5 Xaa = “4 M z  Xbb - * 2 MHz.
The qpaxim pole f in e  s t r u c tu r e  was measured f o r  u  -  and, u
r a . re
ty p o  (^ —b ran ch  t r a n s i t i o n s  o f  s u f f i c i e n t  i n t e n s i t y  to  p ro v id e  a  good 
s ig n a l—to:—n o is e  r a t i o .  U sing a  com puter program by Beaudet f o r  th e  
r i g i d —r o t o r  asym m etric to p ,  and th e  v a lu e s  o f th e  r o t a t i o n a l  c o n s ta n ts  
and  d ip o le  moment com ponents, t h e j a a n d  ty p e  f re q u e n c ie s ,  l i n e
s tre n g th s ; and  r e l a t i v e  i n t e n s i t i e s  were c a lc u la te d  f o r  th e  t r a n s i t i o n s  
o f  im  th e  ran g e  10 -  40 GHz. The r e l a t i v e  i n t e n s i t y  o f  a
t r a n s i t i o n  o f  an. asym m etric to p  (24) i s  e s s e n t ia l ly , ,  in  th e  absence o f 
n u c le a r  sp in , e f f e c t s
T 4. -W/kTI n t .  = S _ T e '
T T 1
w here is : t h e  Boltzmann f a c t o r ,
y 2 | h
i a  th e  freq u en cy  in  MHz, 
j^ j ^  i s  t h e  d ip o le  moment co u p lin g  th e  t r a n s i t i o n ,
W i s  th e  energy  o f th e  low er J  l e v e l ,
and & is- th e  l i n e  s t r e n g th  o f  th e  t r a n s i t i o n  J T -  J  T l .
•Transi’t io n s  w ith  a  c a lc u la te d ’ r e l a t i v e  in t e n s i t y  l e s s  th a n  1 .2  
w ere co n s id e re d  to o  weak fo r  a c c u ra te  m easurem ent. In  o rd e r  to  
o b ta in  a  c lo s e r  p r e d ic t io n  o f th e  p o s i t io n s  o f th e  h ig h  J  Q,-branch 
t ra n s i t io n s : , :  th e  A- r o ta t io n a l  co n s tan t was a l te r e d  to  make some
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allow ance f o r  c e n t r i f u g a l  d i s t o r t i o n  e f f e c t s .  Having a ss ig n e d  th e
716*’717’ 826*827 311(1 ^27*^28 't r a n s i 't:i-o n s» 't*16 v a lu e s  o f V/ Z i IC(k) 
|  were p lo t te d  a g a in s t  a  range o f K f o r  each t r a n s i t i o n .  S ince
t r a n s i t i o n s  w ith in  a  s e r i e s  ( f o r  example J ^ j  ^  «- J ^ )  were found to  g iv e
alm ost i d e n t i c a l  l i n e s ,  a  g raph  was drawn u s in g  on ly  th e  6 . and1 p 15
826**827 ^r a n s ^^^o n s ' freq u en cy  V o f bo th  t r a n s i t i o n s  were tak en
as  t h e i r  l i n e  c e n t r e ,  as  each t r a n s i t i o n  was observed  a s  a  d o u b le t.
A-CThe v a lu e s  o f — and K a t  th e  p o in t o f  in t e r s e c t io n  were used  to
o b ta in  a  d i f f e r e n t  v a lu e  f o r  A and th e  l i n e  f re q u e n c ie s  were r e c a lc u la te d  
( 2 )( * in  T ab le 8 ) .  The g ro u n d -s ta te  Q -branch t r a n s i t i o n s  f o r  which
quadrupole s p l i t t i n g s  have been measured a re
Ma“ ty p e  : 514“ 515* 615“ 616» 7l6 ” 717f 817“ 818* 826“■827, 927”928’
1 °2 8 -1029» 1°37“ 1°3 8 #
[4c- ty p e  : 7^ - 7^ ,  9 ^ - 9 ^ ,  1 0 ^ - 1 0 ^ .
The observed  and c a lc u la te d  f re q u e n c ie s  o f -the c e n tre s  o f th e se  
t r a n s i t i o n s  a re  g iv en  in  Table 8 .
The s i m i l a r i t y  o f th e  p a t te rn s  observed f o r  th e  Q -branch 
t r a n s i t i o n s  was ex p ec ted , s in c e  A F = 0 , A f  ^ = 0 , A f ^ = 0 components 
a re  th e  most in te n s e ,  and th ey  become r e l a t i v e l y  more in te n s e  as J  
in c re a s e s .  Thus, a t  h igh  J  a l l  th e  Q-branch l in e s  have a  s im i la r
p a t te r n  and d i f f e r  m ain ly  in  t h e i r  sp read . At very  h ig h  J f o r  
t r a n s i t i o n s  o f th e  same s e r i e s ,  th e  sp read  o f th e  quadrupole p a t te rn s
74-
Table 8.
The observed  f re q u e n c ie s  o f th e  l i n e  c e n tre s  o f th e  Q-branch 
t r a n s i t i o n s  compared w ith  t h e i r  c a lc u la te d  v a lu e s .
\ u ~ \15






V<1>c a l c .
17375.31
v ( 2 )
c a lc .
17373.89
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V> ( t r a n s i t i o n  f re q u e n c ie s  c a lc u la te d  u s in g  B eaude t!s program.
\A ' « " n 11 th e  v a lu e s  of
and K o b ta in ed  from a  u ■ Q -branch g raph .i a
* th e  c e n tre  o f t h i s  t r i p l e t  t r a n s i t i o n  was tak en  as  th e  c e n tre  o f 
th e  two ou term ost component l i n e s .
become th e  same. For KF2CN th e  J  v a lu es  s tu d ie d  were no t h ig h  enough
ti ii . .
to  observe t h i s  s te a d y  s t a t e  • F ig .4 shows two Q-branch t r a n s i t i o n s ,
each s p l i t  in to  d o u b le ts  by th e  quadrupole h y p e rfin e  i n t e r a c t io n .
75.
4-  V
F ig .4«  Q uadrupole h y p e rfin e  s p l i t t i n g  o f two g ro u n d -s ta te  
t r a n s i t i o n s  o f NF^CN.
76.
The assumed v a lu e s ,  g iven  above, produced d o u b le t s p l i t t i n g s  f a i r l y  
c lo se  to  th o se  observed  and in d ic a te d  th a t  th e  assumed v a lu e s  f o r  X
aa
and o f  th e  amino n it ro g e n  were to o  la r g e .  The Q-branch d o u b le t
s p l i t t i n g  proved to  be more dependent on th e  co u p lin g  c o n s ta n ts  o f th e  
amino n i t r o g e n  th a n  on th e  c o n s ta n ts  o f th e  cyanide n i t ro g e n .  With
zero  co u p lin g  c o n s ta n ts  f o r  th e  cyanide n i t ro g e n  th e  Q-branch s p l i t t i n g s  
on ly  changed by 0 .0 3  MHz.
As th e  ^Q'i '-Oqq t r a n s i t i o n  was too  weak f o r  a  freq u en cy  m easurem ent,
th e  f in e  s t r u c tu r e  p a t te r n  o f th e  l i n e  was m easured. The
rem ain in g  J  = 1 -  2 R -branch t r a n s i t i o n s  were a ls o  too  weak fo r  a  s tudy
of t h e i r  h y p e rf in e  s t r u c t u r e .  R -branch t r a n s i t i o n s  g iv e  p a t te r n s
which change i r r e g u l a r l y  w ith  s l i g h t  changes in  th e  coup lin g  c o n s ta n ts
and r o t a t i o n a l  p a ram ete rs  and th e re fo re  should  d e f in e  th e  co u p lin g
c o n s ta n ts  more c lo s e ly  th an  th e  Q-branch t r a n s i t i o n s .  The s e le c t io n
r u le s  a re  A f  = 0 ± 1, A f  ^ = 0 * 1 ,  A Fg = 0 ± 1. The number and
type o f l i n e s  w ith in  th e  p a t te r n  o f th e  2q2*“^ o1 t r a n s i t i o n  can be
o b ta in ed  from  th e  q u a l i t a t iv e  c o r r e la t io n  diagram s f o r  th e  101 and th e
2q2 le v e ls  ( F ig .5 ) .  U sing th e se  d iag ram s, F  ^ and F2 v a lu e s  can be
r e a d i ly  a ss ig n e d  to  th e  quadrupole co u p lin g  e n e rg ie s  c a lc u la te d  by th e
com puter program . The le f t - h a n d  o rd in a te  in  th e  diagram  re p re s e n ts
th e  case where X (1 ) i s  p o s i t iv e  and X „ ( 2) i s  z e ro > wh i l e  th e  r i g h t -  a a  ' xaa
hand o rd in a te  r e p re s e n ts  th e  case where zero  X a a ^ ^  a
n e g a tiv e  q u a n t i ty .  The approxim ate r e l a t i v e  i n t e n s i t i e s  f o r  th e







(2)_rX ' '=0aa X (2)a a v '- v e
J=2, I 1==1, I 2=1.
+ve
F ig #5« Q u a l i ta t iv e  c o r r e la t io n  diagram  f o r  th e  and 2q2 le v e ls  o f  NF2CN,
78.
C oupling c o n s ta n ts  were f i t t e d  by an i t e r a t i v e  p ro ced u re , th e  c a lc u la te d  
i n t e n s i t i e s  and f in e  s t r u c tu r e  s p l i t t i n g s  b e in g  compared w ith  th e  
observed  quadrupo le  p a t t e r n .  The f i n a l  s e t  o f co u p lin g  c o n s ta n ts
were o b ta in e d  from th e  2q2“ ^q-| t r a n s i t i o n  and th e  observed  Q -branch 
t r a n s i t i o n s  and have th e  fo llo w in g  v a lu es
N1 S X aa “  1*0 ± 0 ' 2 f f l z  ) ^ b = 5 .5  * 0 . 2  MHz,
N2 : ) ^ a  = -4 .0  ± 0 .4  MHz ^  = 2 .0  ± 0 .4  MHz.
For th e  f i n a l  s e t  o f  co u p lin g  c o n s ta n ts  th e  c a lc u la te d  and observed f in e  
s t r u c tu r e  p a t te r n s  f o r  th e  2q2~^01 ’*}ransi ^ i ° n a re  g iven  in  F ig .6.
The c a lc u la te d  l i n e  shape was o b ta in ed  from tr ia n g u la r -s h a p e d  component 
l i n e s  each o f  th e  same w id th  a t  h a l f  i n t e n s i t y .  These a re  th e n  added
to g e th e r  to  produce th e  f i n a l  l i n e  shape. The measured and c a lc u la te d
s p l i t t i n g s  f o r  th e  t r a n s i t i o n s  s tu d ie d  a re  g iven  in  Table. 9 . The 
observed  quadrupo le  s p l i t t i n g s  f o r  th e  2q2“^ o1 ^ra n s i ^ ;*-on can 
compared w ith  th e  c a lc u la te d  h y p e rfin e  s t r u c tu r e  f o r  th e  cases  o f on ly  
one n u c le i  co u p lin g  w ith  th e  r o ta t io n a l  m otion ( F ig .7 ) .  F ig .7. shows
th a t  f o r  t h i s  t r a n s i t i o n  th e  cyanide n i t ro g e n  determ ines th e  o v e ra l l  
sp read  o f  th e  component l i n e s .
As m entioned e a r l i e r  th e  amino n it ro g e n  i s  re sp o n s ib le  f o r  th e  
d o u b le t s t r u c tu r e  found in  th e  Q -branch spectrum  o f MF^CN. However, 
in  th e  case  o f NH^CN th e  Q-branch spectrum  showed q u a r te t  s t r u c tu r e .
Thus, th e  asymmetry o f th e  f i e l d  g ra d ie n t around th e  C -  bond in  NH^ CN 
causes a  sm all s p l i t t i n g  o f each member o f th e  d o u b le t and hence,
79.
MHi
F ig . 6 . H yperfine  s t r u c tu r e  o f  th e  2q2“ ^o1 ^ra n s ^"^^on ®V)CN. 
Upper cu rves show ex p erim en ta l o b se rv a tio n s  as sample p re s su re  in  
th e  c e l l  i s  reduced  and bottom  p a r t  o f f ig u re  shows th e  th e o r e t ic a l  
s t r u c tu r e .
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Xaa(l) = 1*° Xbb0) = 5.5 Xaa(2) = 0 Xbb(2) = 0 MHz.
MHz.
Xaa(l) = 0 Xbb(D = 0 Xaa(2) = -4‘° ' Xbb(2) = 2-0 MHz.
MHz
Observed
P ig .7. The observed  h y p e rf in e  p a t te r n  f o r  th e  2 - 1 _  t r a n s i t i o n  in  NI^CN 
and th e  th e o r e t i c a l  p a t te r n s  f o r  th e  two h y p o th e tic a l cases  o f on ly  one 
n u c le iisco u p lin g  w ith  th e  r o ta t io n a l  m otion.
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T able 9*
Observed and c a lc u la te d  1^N -quadrupole s p l i t t i n g s  f o r  KF CN (MHz)•
Amino N : «  1 .0  MHz -  5.5  MHz
Cyanide N s \a ^ , “  “4 .0  MHz )(Vb = 2 ,0  MHz#
Peak Avobs. A v c a lc . A (A v )
5* A -  5 , /  4.06  3 .7 6 0.3014 15
20 2  "  101 A
0 .69  0.75  - 0.06
6 . ,  -  6 ,  4.01  3.95  0.06
7 ^  -  7^7 3.60  3 .57 0 .03
8*7 -  8*6  2 .98  3 .14 - 0.16
e -  8 *° -3 . 1.1 2 .96 0 .15
9^7 -  r l  2.91 3.04  - 0.13
10^p - i o f r  2 .75  2.72  0.03
10^ - - 10,2  2.13  2.11 0.023 / 3 8
7 «  -  79R 1 .75 1 .70 0 .05
9 :2  -  9z? 1.25  1.25  0.00
10*2 - 1 0 £  1 .38 1 .50 -0 .1 2
47 37
1.04 1.11 -0 .0 7
0.38  0.39  - 0.01
1.57  1.66  -0 .0 9
* observed  a s  a  t r i p l e t
sp ac in g s  a re  between peaks in  th e  d i r e c t io n  o f in c re a s in g  frequency
82.
from th e  appea ran ce  o f th e  Q -branch spectrum  o f NF^CN, a  marked 
asymmetry o f  th e  f i e l d  g ra d ie n t  around th e  C -  N2 bond would n o t be 
ex p ec ted . The NHgCN quadrupole co u p lin g  c o n s ta n ts  a re  (3)-
H, : Xaa = 5'°5 ™z Xbt = 1*85 fflz
N2 : X a a  = -3 .3 0  MHz Xfeb = 2 .86  MHz
and, p a r t i c u l a r l y  in  th e  case  o f  th e  amino n it ro g e n  th e se  show a  
marked d i s s i m i l a r i t y  from th e  co u p lin g  c o n s ta n ts  o f  NFgGN.
A com parison o f  ^ cc f o r  NFgCN w ith  th e  cou p lin g  c o n s ta n t in  
th e  d i r e c t io n  o f  th e  lo n e -p a ir  in  r e la te d  symmetric top  m olecules 
in d ic a te s  th e  c o r r e c t  o rd e r o f  m agnitude f o r  th e  f i e l d  g ra d ie n t in  
th e  d i r e c t io n  o f  th e  lo n e -p a i r .
X(MHz)
NF CN -6 .5
NH, -4 .1
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DIMETHYL CYAN AMI HE : A PRELIMINARY STUDY OP THE MICROWAYE SPECTRUM.
5 -1 . I n t r o d u c t io n .
In  r e c e n t  y e a rs  th e  h a r r i e r s  to  in t e r n a l  r o ta t io n  o f m ethyl 
groups in  a  la rg e  v a r ie ty  o f  m olecu les have been measured by microwave 
sp e c tro sc o p y . However, one c la s s  o f  m olecu les has proved d i f f i c u l t  
to  s tu d y , nam ely th e  h ig h  b a r r i e r  n o n -p la n a r  two e q u iv a le n t to p  ca se .
In  th e se  m o lecu les  h ig h e r  to r s io n a l  s t a t e s  th an  th e  g ro u n d -s ta te  must 
be s tu d ie d  in  o rd e r  to  de term ine  th e  b a r r i e r  to  in t e r n a l  r o ta t io n  o f 
two m ethyl to p s .
S ince th e  v a lu e s  o f  th e  b a r r i e r  h e ig h ts  in  o th e r  n o n -p la n a r two 
m ethyl to p  m o lecu les proved to  be h ig h , th e  v a lu e  in  dim ethylcyanam ide 
was a ls o  exp ec ted  to  be h ig h . However, in  c e r ta in  one top  m o lecu les, 
low er v a lu e s  o f  b a r r i e r  h e ig h t th an  expected  were d e term ined . These 
low er v a lu e s  have p re v io u s ly  been accounted  f o r  by th e  p resence  o f 
resonance  form s o f  th e  m olecu le . In  th e  two examples o f p la n a r  
m o lecu le s, g iv e n  below, th e  resonance form tended to  make th e  s t r u c tu re  
more l i n e a r .  P la n a r  m olecules a re  a s s o c ia te d  w ith  low er v a lu es  o f th e  
b a r r i e r  h e ig h t to  in t e r n a l  r o ta t io n  than  n o n -p lan a r m olecules and, in  
tu rn ,  l i n e a r  m o lecu les  a re  a s s o c ia te d  w ith  low er b a r r i e r  h e ig h t v a lu es  
th an  l i n e a r  m o le c u le s . The fo llo w in g  m olecules show tv/o examples o f 
low er th an  exp ec ted  b a r r i e r  h e ig h t v a lu e s .
8 6.
V ^(ca l/m o le) R ef.
N-methyl m ethy len im ine CH, -  
5 N = CH2 1970 1
m ethyl is o c y a n a te CH, -
j
N = C = 0 50 2
p ropy lene CEL -
j
CH := CH2 1980 3
m ethyl k e ten e CH, -  
5 CH := C = 0 1200 4
In  m ethyl is o c y a n a te  th e  resonance  forms a re
+ "■
/ N  = C = 0 ^— ► CH, -  N s  C -  0
CH, ^
>■
The s t r u c tu r e s  o f  d im ethylcyanam ide and cyanamide can be re p re se n te d  by 
th e  reso n an ce  form s
+ ~
X2N -  C s  N «— f X2N = C = N
I  I I
where X = hydrogen atom o r m ethyl g roup.
The c o n t r ib u t io n  o f  form I I  to  th e  s t r u c tu r e  o f  cyanamide h a s , in  
th e  m ain, accoun ted  f o r  th e  observed quadrupole s t r u c tu r e .  I t
can be e s tim a te d  th a t  th e  c o n tr ib u tio n  from resonance form I I  to  th e  
s t r u c tu r e  o f  d im eth y l cyanamide should  be a s  much a s ,  o r  g r e a te r  th a n , 
i t s  c o n t r ib u t io n  in  cyanamide, u s in g  th e  f a c t  th a t  m ethyl groups can 
a c t  a s  e le c t r o n  d o n o rs . I t  was hoped th a t  a  c o n tr ib u tio n  from th e  
p la n a r  reso n an ce  form I I  would produce a low ering  o f th e  b a r r i e r  
h e ig h t f o r  in t e r n a l  r o ta t io n  o f th e  m ethyl groups and th e re b y  enab le
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to r s io n a l  s p l i t t i n g s  o f  th e  g ro u n d -s ta te  t r a n s i t i o n s  to  be observed .
I f  no s p l i t t i n g  i s  observed  in  th e  g ro u n d -s ta te  th en  h ig h e r  to r s io n a l  s t a t e s  
must be s tu d ie d  to  d e term in e  th e  b a r r i e r  and t h i s  in v o lv e s  a  more 
com plica ted  approach  w hich could n o t be u n d ertak en  h e re . The s tudy  
o f h ig h e r  t o r s io n a l  s t a t e s  in v o lv e s  th e  a n a ly s is  o f much weaker l i n e s  
th an  th e  g ro u n d -s ta te  t r a n s i t i o n s .
I f  th e  lo n e - p a i r  i s  lo c a l i s e d  on th e  n it ro g e n  i t s  c o n f ig u ra tio n  
would be ap p ro x im ate ly  t e t r a h e d r a l .  From rough c a lc u la t io n s  o f th e  
moments o f  i n e r t i a  and by a  com parison o f  th e se  w ith  th e  observed  
moments i t  was e s tim a te d  th a t  th e  c o n f ig u ra tio n  o f th e  n i t ro g e n  i s  
v ery  l i k e  t h a t  in  cyanam ide, showing a  re d u c tio n  from te t r a h e d r a l  tow ards 
a  p la n a r  c o n f ig u ra t io n .  Only a - ty p e  d ip o le  t r a n s i t io n s  were observed 
and th e  c - ty p e  d ip o le  moment was c a lc u la te d  as  z e ro . The geom etry 
o f th e  m olecu le  must be such as  to  produce a  zero  d ip o le  moment a long  
th e  c - a x i s .  The d ip o le  moment was c a lc u la te d  a s  [-{= |^ a  = 4«71 - 0 . 1  D.
5-2 . N atu re  o f S p e c tra  o f ( cH-.'LncN and (CDjj\JCN.
j — y  c —
D im ethylcyanam ide was p rep ared  by r e f lu x in g  sodium cyanamide 
and m ethyl io d id e  in  e th a n o l (a s  d e sc r ib e d  in  C hapter 7 ) .  D uring 
d i s t i l l a t i o n  th e  dim ethylcyanam ide was c o l le c te d  a s  s e v e ra l  co n secu tiv e  
sam ples and th e  in f r a r e d  s p e c tr a  o f th e se  were found to  compare w ell 
w ith  th o se  r e p o r te d  by D avies and Jones ( 5 ) .  Exam ination o f th e se  
s p e c tr a  a l s o  in d ic a te d  th e  p resence  o f e th an o l and t h i s  was observed
to  d e c re a se  in  th e  h ig h e r  b o i l in g  f r a c t io n s .  The n .m .r .  spectrum
^  r>r»ncH Q +  or? n f  r \ n o  n o n \r aof th e  p u re s t  sample in  CC1/ c o n s is te d  o f one peak a t ^2.9 P.P.M .
The d e u te ra te d  sample was p rep ared  as  above u s in g  CD,I p re v io u s ly
j
p rep ared  from CD^ OD (C hap ter 7 ) .
D im ethylcyanam ide m e lts  a t  -42°C and b o i l s  a t  163°C. A ll
measurem ents were made w ith  th e  sample a t  room tem p era tu re  a s  i t  was 
n o t p o s s ib le  to  observe  l i n e s  much below t h i s  te m p era tu re . The
sample decomposed slow ly  a t  room tem p era tu re  and th e  r a t e  o f decom position  
was observed  to  in c re a s e  w ith  r i s e  in  te m p era tu re . The decom position  
p ro d u c ts  were n o t i d e n t i f i e d .  To av o id , o r a t  l e a s t  r e ta r d ,  
p o s s ib le  d ecom position  o f th e  sample i t  was s to re d  a t  d ry  ic e  
te m p era tu re s  in  a  b lackened  tu b e . The d e u te ra te d  sample was s tu d ie d  
under th e  same c o n d it io n s .
Models were c o n s tru c te d  f o r  bo th  (CH^^NCN and (CD^^NCN in  
o rd e r to  p r e d ic t  th e  R—branch  t r a n s i t i o n s .  The models were based
on th e  cyanamide microwave s t r u c tu re  (6 ) in  which th e  p ro to n s  were
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re p la c e d  w ith  id e a l i s e d  m ethyl groups and w ith  a  methyl~N d is ta n c e  
o f 1 .47  ( 7 ) .  Based on th e se  p r e d ic t io n s ,  and on th e  observed
S ta rk  e f f e c t s ,  th e  g ro u n d -s ta te  a - ty p e  l i n e s  were a s s ig n e d . In
b o th  sam ples each  R -branch  t r a n s i t i o n  was surrounded , f o r  a  sp read  of 
100-200 MHz, by many w eaker s a t e l l i t e s .  E thanol t r a n s i t i o n s  were 
a ls o  o b se rv ed . The g ro u n d -s ta te  t r a n s i t i o n s  were broad (/n>3 -  4 MHz
a t  h a l f - i n t e n s i t y )  and some s t r u c tu r e  could be observed on s e v e ra l o f
th e  l i n e s ,  a lth o u g h  none were re so lv e d  s u f f i c i e n t ly  fo r  m easurem ent. 
There a re  two n i t ro g e n  q uad rupo la r n u c le i  and th e  sp read  o f th e  
quadrupole s t r u c tu r e  i s  e s tim a ted  as l e s s  th a n  2 MHz f o r  th e  J  = 3 -  2 
and 4 - 3  t r a n s i t i o n s  s tu d ie d . The sp read  o f th e  quadrupole 
s t r u c tu r e  o f NH^CN f o r  th e  1^^ -  Oqq t r a n s i t i o n  i s  ap p rox im ate ly  4 MHz, 
and o f NE2CN f o r  th e  2^  “ ^Q1 t r a n s i t i o n  approx im ate ly  3 MHz. In  
d im ethylcyanam ide th e re  were s e v e ra l s tro n g  s a t e l l i t e s  accompanying 
each g ro u n d -s ta te  t r a n s i t i o n  and to  low frequency  o f th e  g ro u n d -s ta te  
l i n e s  th e re  w ere a  number o f weaker l i n e s .  Many o f th e  l a t t e r  a re  
p robab ly  due to  m olecu les in  e x c ite d  to r s io n a l  s t a t e s .  I t  was hoped 
to  a s s ig n  some o f  th e  s tro n g e r  s a t e l l i t e s  to  h ig h e r e x c i te d - s ta te s  o f 
v ib r a t io n a l  d e fo rm a tio n  modes o f th e  m olecu le . For th e  h e a v ie r  
d e u te ra te d  sample th e  in t e r n a l  r o ta t io n  s p l i t t i n g s  o f a l l  th e  to r s io n a l  
s t a t e s  a re  reduced  from th a t  o f  th e  normal sam ple. I t  was hoped th a t  
t h i s  would g iv e  th e  spectrum  o f th e  d e u te ra te d  sp ec ie s  a  s im p ler 
appearance. T h is was observed to  be th e  ca se . There were more 












and the strongest s a t e l l i t e  lin e  was stronger, r e la t iv e  to the 
resp ective  ground-states, than that observed in  the normal sp ecies .
To low frequency, a t r ip le t  structure could be id e n tif ie d  from one 
ground-state tr a n s it io n  to the next. Again, there were weaker 
s a t e l l i t e s  to  low frequency of the ground-state. Fig.1 shows one 
of the tr a n s it io n s  of simpler appearance of (CH^NCN and (CD^NCN.
The frequencies and ro ta tion a l constants of the observed ground- 
s ta te  tr a n s it io n s  of (CH^NCN and (CD^NCN are given in  Table 1 and 
2 r e sp e c tiv e ly . A search was made for the J = 1 -  2 jjj  ^ tra n sitio n s  
but these were not observed.
In cyanamide the angle <J), indicated in  the diagram below, has
been shown to have a value of JB0 19 (6)> and th is  angle can be taken
as an in d ica tio n  of the extent of non-planarity in  dimethyl cyanamide.
The moments o f in e r t ia  were calculated for dimethyl cyanamide by means
of three stru ctu ra l models. In each of these the methyl-N distance
was taken as 1.47 2, the methyl groups were assumed to be tetrahedral
with a C -  H bond d istance of 1.09 X and the remaining bond length
values were those of cyanamide (6 ) . The f i r s t  model was planar
and therefore (j) = 0°, the second model assumed cj) = JO and the third
• o 1
model had a tetrahedral configuration for the nitrogen with <p = 54 44
The ca lcu lated  moments of in e r tia  together with the observed are given
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Table 1 •
The observed tr a n s it io n  frequencies and rota tion a l constants for
the ground-state o f (CH7) 0 NON.y  d
observed v o b s- Vcalc*
30z - 20? 21083.87 +0*05
3 -  2”; 19935.79 +0 .3 6
- 2 !f 23581.98 +0.03
3lp - 2 '' 21893.65 +O.46
3~ - 2l! 22702.43 -0.14
4^ ' - 3n, 27368.13 -0.09
4 ^ - 3 ^  26381 .38 +0.15
4j5 - 3^5 31137.15 +0 .2 6
4«z - 3 ™  29024.74 +0 .0 2
4~X - 3f: 30845.16 -0.13
4 ™  - 3« 29553.59 -0.41
5It - 4'! 33390.77 -0.33








l a  56.8825
lb  118.6548
I c  166.4458
A - 9.0915
A  = I c  -  l a  -  l b .
(MHz)
I a 9 l b ,  I c  andA  a re  in  u n i ts  o f a.m .u .S  •
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Table 2.
The o b served  t r a n s i t i o n  fre q u e n c ie s  and r o t a t i o n a l  c o n s ta n ts  f o r  
th e  g ro u n d -s ta te  o f  (CI)-)^ HON.
observed  v o b s -  v c a lc .
31P -  2 . .  20762.10  +0.06
3P. -  2 ' '  20267.84 -0 .0 7
4 o l -  2J401.55 - 0.12
4«? -  3 r ;  22804.64 +0.12
-  3«$ 27251.29 +0.19
4 .7  -  3PP 25387.51 - 0 .06
47 J -  3 ,7  26081.36 +0.27
5Xc -  47! 28520.54 -0 .0 5
“ 4^7 28200.88 +0.06
5 .?  -  4 „  33223.85 '-0 .1 5
57? -  4 ,7  31381.16  +0.18
5 .7  -  4 7 ,  34832.73 +0.04
5 „  -  4 7 , 32627.87 -0 .1 8
575 -  47:  33468.30 -0 .1 6
-  57c 33662.37 -0 .1 4









l a  75.4431
lb  133.4422
I c  193.2808
A  - 15.6045
A  a  I c  -  l a  -  l b .
o2




C alcu lated  and observed moments of i n e r t i a  fo r  dimethylcyanamide (a .m .u .S 2) .
^Meffle I a I c A
♦  = 0°
00O
J 57.97 122.26 175.90 -6 .3 3
4> =
OoKN 114° 56.07 121.97 169.47 - 8.57





55.80 116.45 158.78 -1 3 .4 7
observed 56.88 118.66 166.45 -9 .0 9
in  Table 3* By com paring th e  v a lu e s  in  Table 3 a  rough e s tim a tio n
can be made o f  th e  c o n f ig u ra tio n  o f th e  n it ro g e n  atom. The
in te rm e d ia te  c o n f ig u ra tio n  ( c|> = 30°) g iv e s  v a lu es  which c lo s e r  
approxim ate to  th e  ob serv ed . T h e re fo re , th e  c o n f ig u ra tio n  o f th e
n it ro g e n  resem b les  cyanamide and a ls o  shows some involvem ent o f th e
lo n e -p a ir  e le c t r o n s  away from th e  n it ro g e n .
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5-5* I n te r n a l  R o ta t io n . G eneral Theory.
The r e s t r i c t e d  r o ta t io n  o f a  th re e fo ld  sym metric to p , w ith  r e s p e c t  
to  th e  bond i t  form s w ith  th e  rem ainder o f th e  m olecu le , g iv e s  r i s e  
to  a  th r e e f o ld  p o te n t ia l  b a r r i e r .  T his p o te n t ia l  energy fu n c tio n  
can be d e sc r ib e d  in  term s o f th e  b a r r i e r  h e ig h t and th e  r e l a t i v e  ang le  
o f i n t e r n a l  r o t a t i o n  a .  For m olecules c o n ta in in g  two e q u iv a le n t 
m ethyl i n t e r n a l  r o to r s  th e re  i s  a  n in e fo ld  p o te n t ia l  b a r r i e r  w ith  
n in e fo ld  degeneracy  in  th e  g ro u n d -s ta te  in  th e  l im i t  o f an i n f i n i t e  
b a r r i e r .
By means o f  group th e o ry  i t  i s  p o s s ib le  to  o b ta in  th e  symmetry 
sp e c ie s  o f  th e  v a r io u s  energy l e v e l s ,  t h e i r  d eg en e rac ie s , and th e  
s e le c t io n  r u le s  govern ing  th e  t r a n s i t i o n s .  The g e n e ra l th e o ry  
fo r  two m ethyl in t e r n a l  r o ta t io n a l  g roups, a long  w ith  th e  a p p ro p r ia te  
group th e o ry , has been g iven  by Sage (8) f o r  2 ,3 -  epoxybutane (p o in t 
group Cg) and by Myers and W ilson (9) f o r  ace tone (p o in t group C2y)
The H am ilton ian  f o r  th e  two top  problem i s  d esc rib e d  in  se v e ra l 
re fe re n c e s  eg , (8 ,9 * 1 0 ,1 1 ) .
For a  CQ m olecule  w ith  two m ethyl groups th e  H am iltonian i s
no t in v a r i a n t  to  a  tw ofo ld  r o ta t io n  about any o f th e  p r in c ip a l  axes ,
due to  changes in  a . and Q0 (where Cl i s  th e  ang le  o f in te r n a l  r o ta t io n1 2  k
fo r  th e  k th  to p ) .  The symmetry group under which th e  H am iltonian 
i s  in v a r ia n t  i s  g en e ra ted  by th e  th re e  o p e ra tio n s  C ^ ( l) , C^(2) and 
(8 ) ,  I f ,  in s te a d  o f  and (a^ + a 2  ^ an<^  ~ a 2  ^ a re  u se ^
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i t  can be shown- th a t  the subgroup C ^(l) , C^2(2) a c ts  on (a^ -  a 2)
o n ly , and th e  subgroup C ^ ( l) ,  C (2 ) ,  C2b a c ts  on ( a 1 + a  ) and th e
E u le r ia n  a n g le s .  These two groups a re  and C^y r e s p e c t iv e ly
and g iv e  th e  o v e r - a l l  symmetry group o f  th e  m olecule a s  S = C, x C,,r.
3 3V
The symmetry c la s s e s  o f S can be o b ta in ed  d i r e c t l y  from th o se  o f C,
5
and C^y and th e  c h a ra c te r  ta b le  o f S can be o b ta in ed  by a  d i r e c t
p roduct o f th e  c h a ra c te r  ta b le s  of C, and C,,T (8 ) ,
5 3V
The r e p r e s e n ta t io n s  o f S a re  AA^, (o n e -d im en sio n a l) , AE
(tw o -d im en sio n a l) , E^A^, E^A2 (pseudo tw o-dim ensional) and E^E
(pseudo fo u r -d im e n s io n a l) .  The d ip o le  moment i s  o f sp e c ie s  AA2 ,
a llo w in g  th e  t r a n s i t i o n s  AA.^  kk^9 AE AE, E^A  ^ <-)■ EqA2 and
EqE H ’ EqE -  s in c e  th e  p roduct o f th e  sp e c ie s  of two com bining le v e ls
and A^A2 must be long  to  A-jA-j # Eor h ig h  b a r r ie r s  th e  z e ro -o rd e r
1
to r s io n a l  energy  l e v e l s  a re  n in e fo ld  deg en era te  when v = v , and
1 ke ig h te e n fo ld  d e g e n e ra te  when v /  v (where v i s  th e  p r in c ip a l  
to r s io n a l  number o f th e  k th  to p ) .  I t  can be shown (8) t h a t ,
4
when v = v  , th e  n in e  fu n c tio n s  co n ta in  th e  i r r e d u c ib le  r e p re s e n ta t io n s
AA.j, AE, EQA1 and EQE and, when v ^ v , th e  e ig h teen  fu n c tio n s  co n ta in
th e  i r r e d u c ib le  r e p re s e n ta t io n s  AA^, AA2, E^A  ^ and E^A  ^ once each and
AE and EqE tw ice  each . Thus, in  g e n e ra l,  the  r o ta t io n a l  spectrum
1
would c o n s is t  o f q u a r te ts  f o r  to r s io n a l  s t a t e s  w ith  v  = v and o c te ts
A
fo r  r o t a t i o n a l  s t a t e s  w ith  v / v ' .  While in  g en e ra l th e  r o ta t io n a l
-j
s p e c tra  v / i l l  c o n s is t  o f q u a r te ts  (v = v ) ,  very  o f te n  sym m etrical 
t r i p l e t s  a re  o b serv ed . The m agnitude o f the  s p l i t t i n g  o f th e
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to rsio n a l su b levels increases as barrier height values decrease 
u n til  the lim it  o f free  ro ta tion  i s  reached.
Using a computer program w ritten by Woods (12) for a so lu tion  
of the n-top problem, the quartet spacings were obtained for several 
chosen values of barrier height. The method adopted by V/oods i s  
an extension of the in tern al ax is method and considers only the 
ground-state o f the m olecule. F ig .3 shows the calculated quartet 
structure for  several tr a n s it io n s , each having values of 500, 1000 
and 1500 cal/m ole fo r  the barrier to in ternal ro ta tion . The
computational input was s im p lified , without greatly  a ffec tin g  the 
resu ltan t spacing, by the assumption that dimethylcyanamide i s  planar. 
F ig .3 suggests that for  a barrier greater than 1500 cal/m ole the 
observed spectrum of dimethylcyanamide would show no quartet or 
t r ip le t  structure in  the ground-state.
The v a lu e s  o f th e  b a r r i e r  h e ig h t to  in te r v a l  r o ta t io n  which 
have been found f o r  s e v e ra l n o n -p lan a r m olecules w ith  two m ethyl to p s  
a re  shown in  T ab le 4 . I f  I s reaso n ab le  to  assume th a t  th e  expected 
m agnitude o f th e  b a r r i e r  h e ig h t f o r  dim ethylcyanam ide ( ig n o r in g  any 
re d u c tio n  in  th e  expected  v a lu e  because o f resonance forms o f th e  
m olecule) would be s im i la r  to  th e  v a lu es  in  Table 4 f ° r  m olecules
in  which th e  c e n t r a l  atom i s  carbon, n i tro g e n  o r oxygen. T herefo re  
th e  expec ted  v a lu e  would be around 3008 ca l/m o le . I f  th e  f a c t  th a t  
d im ethyl cyanamide i s  more p la n a r  th an  (CH^)2NH produces a  low er v a lu e , 
f o r  example 2000 c a l/m o le , then  from F ig .3 no observed s p l i t t i n g  would
AE, EA
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V j  = 500 ca l/m o le EE AA
2 7 3 5 0  2 7 3 6 0  2 7 3 7 0  2 7 3 8 0  2 7 3 9 0 MHz




=s 1500 c a l/m o le
404 “ 503
EA
= 500 c a l/m o le  ^ AA
2 6 3 6 0  2 6 3 7 0  2 6 3 8 0  2 6 3 9 0  2 6 4 0 0 MHz




V-. = 1500 ca l/m o le
4 14 “ 513
F i g .3 . C a lc u la te d  to r s io n a l  s p l i t t i n g s  fo r  v a rio u s  v a lu es  of 






















Barrier heigh ts to  in tern a l rotation  in  several dimethyl—compounds.
(ca l/m o le ) Ref
(CHj ) 2CH2 5400 13
(CH3) 2SiH2 1665 14
( gh3) 2nh 3300 15
( ch5) 2ph 2200 16
( ch3) 2o 2720 17
( ch3) 2s 2118 18
be expec ted  f o r  th e  g ro u n d -s ta te .  S ince th e  observed spectrum  of 
th e  g ro u n d -s ta te  o f d im ethy l cyanamide showed no q u a r te t  o r  t r i p l e t  
s t r u c t u r e ,  i t  i s  concluded th a t  th e  b a r r i e r  to  in t e r n a l  r o ta t io n  o f 
dim ethylcyanam ide i s  g r e a te r  th an  1500 ca l/m o le  from F ig ,5 and 
p ro b ab ly  l e s s  th a n  2500 ca l/m o le .
As the barrier height to in ternal rotation  could not be obtained 
from the ground-state ( w  = 00) i t  would have to be obtained from 
higher to rsio n a l s ta te s . Rotational tra n sitio n s for the w  as 11 
s ta te  of (CH^)2NCN would be weak and the torsion al sublevels could be 
w idely spread out. (CD^NCN, where in ternal sp lit t in g s  are 
reduced from that o f ( CHINCH, would perhaps allow for  a study of the 
w  = 11 s ta te . For the symmetrical s ta te s  ( i . e .  w  = 00, 11 e tc .)  
for every v there are the four Hamiltonians H , one for each of the
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t o r s io n a l  s u b le v e ls  w ^ ) ,  w (A E ), and w (EqE ), and th e re fo re
f o r  th e  unsym m etrica l s t a t e s  ( w  = 01, 10, 02 e t c . )  th e re  would be 
e ig h t  H am ilto n ian s , one fo r  each o f th e  to r s io n a l  s u b le v e ls .  A 
s tu d y  o f  th e  w  = 01 s t a t e s  may be more a p p lic a b le  f o r  t h i s  p a r t i c u la r  
m olecule b u t th e  work on h ig h e r  to r s io n a l  s t a t e s  has n o t been undertak en  
h e re .
5-4* F u r th e r  D e ta i ls  o f th e  S a t e l l i t e  T ra n s it io n s  Accompanying th e  
G ro u n d -s ta te  T ra n s i t io n s  o f Dimethylcyanamide and F u lly  D eu tera ted  
D im ethylcyanam ide.
As m entioned e a r l i e r ,  th e  accompanying s a t e l l i t e  s t r u c tu re  
appeared  more dense and com plicated  in  (CH^^NCN th an  in  (CD^gNCN.
In  th e  l a t t e r  th e re  was a  c lo s e r  s im i la r i ty  in  th e  s a t e l l i t e  
s t r u c tu r e  o f  th e  d i f f e r e n t  t r a n s i t i o n s .
The v ib r a t io n a l  modes w ith  low est fundam ental frequency  in  
d im ethy l cyanamide w i l l  be tho se  a s s o c ia te d  w ith  th e  bending v ib ra t io n s  
o f th e  CN^C p a r t  o f th e  m olecu le .
(a )  (CH ) 2NCH
In  th e  spectrum  o f d i m e t h y l cyanamide, th e re  were few er l in e s  to
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h igh  th a n  to  low freq u en cy  o f th e  g ro u n d -s ta te  t r a n s i t i o n s ,  as can
be seen  from  F ig .1 .  S ince th e  ground—s ta t e  l i n e s  fo llo w  r i g i d —r o to r
th e o ry , a  s e a rc h  was c a r r ie d  ou t f o r  v ib r a t io n a l  s a t e l l i t e  l in e s  which
e x h ib ite d  b o th  r i g i d - r o t o r  behav iou r and S ta rk  e f f e c t s  id e n t i c a l  to
th e  g ro u n d -s ta te  t r a n s i t i o n .  Both th e  f i r s t  and second e x c i te d - s ta te
t r a n s i t i o n s  o f a  v ib r a t io n a l  defo rm ation  mode, w ith  th e  above
c h a r a c t e r i s t i c s ,  were observed to  h igh  frequency  o f each g ro u n d -s ta te
l i n e  ( F ig .1 ) .  Table 5 re c o rd s  th e  measured fre q u e n c ie s  and r o ta t io n a l
c o n s ta n ts  o f  t h i s  v ib r a t io n a l  mode. The J  = 1 -  2 group o f
t r a n s i t i o n s  were s tu d ie d . A study  o f th e  re c o rd in g s  of th e se
t r a n s i t i o n s  d id  n o t a id  th e  assignm ent o f th e  s p e c tra  and th ey  were
found to  be to o  weak and too  broad fo r  a c c u ra te  o sc il lo sc o p e  measurement.
Double reso n an ce  experim ents were c a r r ie d  out on a  t r a n s i t i o n  o f
th e  g ro u n d -s ta te  spectrum  o f d im ethyl cyanamide and on i t s  v ib r a t io n a l
s a t e l l i t e  to  h ig h  freq u en cy . S ince double resonance e f f e c t s  a re
observed  betw een two t r a n s i t io n s  on ly  i f  th e y  have a  common energy le v e l ,
o b se rv a tio n  o f  th e  e f f e c t s  w i l l  h e lp  confirm  th e  assignm ent o f bo th  th e
ground- and f i r s t  e x c i te d - s ta te  s p e c tra .
The experim en ts  were c a r r ie d  out on th e  co n ven tional S ta rk
m odulation  sp e c tro m e te r  used  th roughout t h i s  work and only  th e  minimum 
components w ere added to  observe th e  double quantum t r a n s i t i o n .  Two
microwave so u rces  were employed. A k ly s tro n  produces Q-band power
and enab led  th e  4^ , -  3-.? t r a n s i t io n  o f d im ethyl cyanamide to  be
14 13
d isp la y e d  on th e  o s c il lo s c o p e .  The pumping r a d ia t io n  was J-band
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Table 5.
Measured frequencies and rota tion a l constants (MHz) for the. s a t e l l i t e  
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v = 1 v = 2
observed Vobs- Vcalc observed Vobs- V'
27403.82 -0 .0 4 27440.03 -0 .1 2
26409.02 +0.06 26436.62 -0 .1 4
31214.99 +0.05 31292.29 +0.07
29080.97 -0 .1 9 29136.93 -0 .0 7
30924.55 -0 .1 6
29617.34 -0.01
33426.66 -0 .2 2 33463.70 +0 .06








l a  56.5650 56.2334
lb  118.2691 117.8922
I c  166.4035 166.3593
A  -8 .4306  -7 .7664
A = I c  -  l a  -  l b .  I a ,  lb ,  I c  and A are  in  u n i t s  o f a .m .u .S 2 .
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(b) (cd5)2n c n.
D
v = 1
observed V o b s -v c a lc .
04 23400*19 +0.29
U  “ 3 i7  22817.48 +0.22
A  “ 3-2 27273.78 +0.09
OX "* 3pp 25427.44 +0*24
P2 “ 32- . 27683.29 +0.10
nR -  4n;  28518.06 +0.16
i Z - t A  28211.36  +0.21
? -  A\Z 35249.12  -0 .1 3
oT -  4p? 31419.85 -0 .1 8
-  4pJ 34929.15 -0 .1 4
06 “ 50 c 33662.37 - 0.22









l a  75.8714
lb  133.0455
I c  193.2513
A  - 15.6656
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power from an E .M .I. k ly s tro n  o p e ra t in g  a t  maximum power l e v e l .
Radiation from both, sources enters the c e l l  v ia  an X—band d irection a l
co u p le r  w ith  J-b an d  power e n te r in g  from th e  s t r a ig h t  arm o f th e
d irectio n a l coupler to  minimise attenuation . Both input arms
contain waveguide attenuators to minimise coupling between the two
so u rc e s . A lo n g e r  Q-band waveguide than  u su a l was p laced  b efo re
le_
the cry sta l d etec to r . The e sse n tia l principal i s  that the cut­
o ff  frequency of the Q-band detector does not pass the strong J-band 
rad ia tion . This means for the arrangement employed here that 
there i s  a band jump between pump and tra n sitio n  frequencies.
The double-resonance experiments on OCS carried out by Cox,
Flynn and W ilson (19) were re p e a te d  here  in  o rd e r to  t e s t  th e  
ex p erim en ta l a rran g em en t. For d im ethyl cyanamide, th e  4^  -  3-^
t r a n s i t i o n  a t  26381.38 MHz was observed and th e  3 ^  ~ 2 ^  t r a n s i t i o n  
a t  19935.79 MHz was pumped. As th e  J-band k ly s tro n  was swept th rough
th e  pump fre q u e n c y , changes in  th e  l i n e  shape of th e  4^  -  3-j^ 
t r a n s i t i o n  were o b served . The double quantum t r a n s i t io n  was seen
to  approach , grow s tro n g e r  and pass ac ro ss  th e  t r a n s i t i o n .  This 
experim ent was r e p e a te d , pumping and o bserv ing  the  h igh  frequency  
v ib r a t io n a l  s a t e l l i t e s  o f th e  same two t r a n s i t io n s .  S im ila r  l in e  
shape changes, to  th a t  d e sc r ib e d , were observed . The o b se rv a tio n  
o f th e s e  doub le  quantum t r a n s i t io n s  a c ts  as f u r th e r  con firm atio n  o f 
th e  a ss ig n m e n ts .
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(b) (CD JgNCN
The K_  ^ = 2 t r a n s i t i o n s  o f d e u te ra te d  d im ethyl cyanamide 
showed marked s im i l a r i t y  in  t h e i r  s a t e l l i t e  p a t te r n s .  O m itting  
th e  w eaker t r a n s i t i o n s ,  t h i s  p a t te r n  i s  shown below.
v = 0
V
In  o th e r  t r a n s i t i o n s ,  th e  t r i p l e t  s t r u c tu r e ,  ABC in  th e  diagram  above, 
was found to  be e i t h e r  more spread  out o r more c lo se ly  overlapped . 
F u rtherm ore , f o r  th e  = 0 t r a n s i t i o n s ,  th e  D l in e s  were superim posed
i
on th e  g ro u n d -s ta te  t r a n s i t i o n s .  The t r a n s i t io n s  D and D , shown 
above, r e p r e s e n t  th e  f i r s t  and second e x c i te d - s ta te  t r a n s i t io n s  o f a 
v ib r a t io n a l  d e fo rm a tio n  mode r e s p e c t iv e ly .  The I) l in e s  were observed 
to  have th e  same S ta r k .e f f e c t  as  th e  re s p e c t iv e  g ro u n d -s ta te  t r a n s i t io n s  
and were found to  d is p la y  r ig i d - r o t o r  b ehav iou r. An in s u f f i c i e n t
I
number o f  D l i n e s  were ass ig n ed  to  v e r i f y  a  r ig id  r o to r  f i t .  The 
l in e s  marked B were observed to  be th e  s tro n g e s t s a t e l l i t e  t r a n s i t io n s  
and^ to  f i t  r i g i d - r o t o r  th e o ry . S a t e l l i t e s  w ith  tw ice th e  spacings 
o f th e  B l i n e s  from th e  g ro u n d -s ta te  were searched fo r  b u t, a lthough  
p o s s i b i l i t i e s  were found, no d e f in i t e  assignm ents were made. Of th e  
rem ain ing  s a t e l l i t e  l i n e s  d ep ic te d  above, r i g id - r o to r  th e o ry  was found 
to  ap p ly  to  th e  C group o f l i n e s ,  bu t no t to  the  A group. Table 5 
l i s t s  th e  m easured f re q u e n c ie s  o f the  s a t e l l i t e s  and g iv es  r o ta t io n a l
110.
constants obtained from the r ig id -ro to r  least-squares f i t .  The
s a t e l l i t e s  are l i s t e d  under the headings A,B,C and D.
Since deuteration occured at that part of the molecule with
vibrations of low est fundamental frequency, i t  i s  d i f f ic u l t  to
correlate  the observed sk e le ta l deformation s a t e l l i t e s  of (CH_)_NCN)  2
with one of the s a t e l l i t e  ser ie s  of l in e s  A,B,C or D of (CD^^NCN.
Table 6 shows the co lle c ted  ro ta tion a l constants for the ex c ited -sta te  
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5-5« B ipo le  Moment.
F requency  s h i f t  measurements on th e  S ta rk  lobes o f se v e ra l
t r a n s i t i o n s  were ta k en  f o r  v a r io u s  v o lta g e s  o f the  S ta rk  f i e l d .  The
t r a n s i t i o n s  o f d im ethy l cyanamide s tu d ie d  were 3 -  2 3 -  ?'03 02 'J\3 1 2 ’
4i 4 -  3 The ex p erim en ta l method and c a lc u la t io n  o f th e  S ta rk  
c o e f f i c ie n t s  were as  d e sc r ib e d  in  C hapter 2 . S ta rk  c o e f f ic ie n ts  
were c a lc u la te d  f o r  a  m olecule w ith  U and u  components. TheOf o
S ta rk  lo b e s  m easured were a ss ig n ed  an M v alue  and th e  ex p re ss io n s  fo r
the- S ta rk e n e rg ie s  o f  th e t r a n s i t io n s a re :
M
303 ’  202 1 -0 .3657  H a 2 + 0.4865 H 21 C = -  2.054
513 ” 212 0 - 0.1066 H a + 0.5056 •H e ' = -  2.027
313 " 212 1 +0.7300 H a ' +
0 . 0 vn vn Q H e2 = +16.28
414 “ 313
1 +0.0347 H a 2 + 0.1560 Me2 = + 0.7703
414 "  313
2 +0.3905 p a + 1.0053 H e2 = + 8.5184
The r e l a t i v e  c o e f f i c ie n t s  f o r  th e  S ta rk  lo b es  o f the  3-j^ ” 2 ^  an<^
a -  3a-z t r a n s i t i o n s  show th a t  c e r ta in  o f th e  lobes o f th e se  two 
*4 13
t r a n s i t io n s  a re  s tro n g ly  dependent. Equations ( l )  a re  re p re se n te d  
g ra p h ic a lly  in  F ig .4 . The f a c t  th a t  th e re  i s  more than  one so lu tio n  
to  e q u a tio n s  ( 1) shows th a t  second o rd e r p e r tu rb a tio n  th eo ry  i s  no t 
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F ig . 4 . D ipo le  moment p lo t  o f eq u a tio n s  (1) f o r  dim ethyl cyanamide.
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The most common re a so n  f o r  th e  breakdown o f second -o rder p e r tu rb a tio n  
th e o ry  i s  th e  o ccu rren ce  o f n ea r degeneracy o r degeneracy o f th e  energy 
le v e ls  o f  th e  t r a n s i t i o n s  s tu d ie d  (2 0 ). F ig . 5 shows th e  energy le v e l  
scheme f o r  dim ethylcyanam ide and in d ic a te s  th e  n ea r degeneracy o f th e
^20* ^21 anC^  ^03 ^ eve^ s * “ 2^2 t r a n s i t io n  i s  om itted  from
F ig .4  because o f  t h i s  n ea r-d eg e n eracy . In  F ig .4  th e  3 ._  -  2„0 M = 0
13 12
S ta rk  lo b e , w hich moves to  low er frequency  on a p p lic a t io n  o f a  S ta rk  
f i e l d ,  ap p ea rs  to  d e v ia te  th e  most from th e  approxim ate in te r s e c t io n  of 
the  o th e r  th r e e  l i n e s .  T his S ta rk  lobe i s  probably  a f fe c te d  by the  
n ea r-d eg e n e racy .
By means o f a  program w r i t te n  by Macdonald (21) to  extend th e  
p e r tu rb a t io n  tre a tm e n t o f  th e  S ta rk  e f f e c t  to  h ig h e r o rd e rs , one s e t  of 
d ip o le  moment components was sought to  f i t  th e  experim ental graphs o f 
frequency  s h i f t  o f  th e  S ta rk  lobe a g a in s t square of th e  S ta rk  v o lta g e . 
F ig .6 shows th e s e  g rap h s , one curve f o r  each o f th e  S ta rk  lo b es  s tu d ie d . 
Each graph  shows ex p erim en ta l curve and two c a lc u la te d  curves f o r  each 
S ta rk  lo b e . The b e s t  f i t  to  each o f th e  experim ental curves was 
o b ta in ed  f o r  th e  fo llo w in g  v a lu es  o f th e  d ip o le  moment components:
| j a  = 4.71  ± 0.1 D [J c = o -  0 .1 D
When F ig , 4 i s  now co n su lted  th re e  o f th e  S ta rk  equations can be sa id  




















j  = 1 J  = 2 J  = 3 J = 4
Energy l e v e l  scheme f o r  (dOpNCN showing th e  t r a n s i t io n s  
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CHAPTER 6 .
THE MICROWAVE SPECTRUM OP p-CHLOROANILINE.
6 -1 . I n t r o d u c t io n ,
T h is  work was c a r r i e d  ou t p r im a r i ly  to  f in d  what in f lu e n c e  th e  
in t r o d u c t io n  o f  c h lo r in e  m ight have on th e  UH^-group in  a n i l i n e .
The f lu o r in e  hom ologue, p - f lu o r o a n i l in e  has been s tu d ie d  p re v io u s ly  (1) 
an d , in  t h i s  c a s e ,  s u b s t i tu e n t  e f f e c t s  were exp ec ted  to  be maximised 
f o r  th e  h ig h ly  e le c t r o n e g a t iv e  f l u o r i n e .
Of th e  s e r i e s  o f  h a lo - a n i l i n e  compounds, a n i l in e  ( 2 ) ,  p - 
f l u o r o a n i l in e  and now p -c h lo r o a n i l in e  have been e s ta b l is h e d  a s  non- 
p la n a r  by microwave s p e c tro s c o p ic  a n a ly s i s .  When th e  lo n e - p a i r  o f 
e l e c t r o n s  a re  l o c a l i s e d  on th e  n i t r o g e n ,  a  n e a r ly  te t r a h e d r a l  
c o n f ig u ra t io n  o f  th e  n i t ro g e n  would be e x p e c te d . In  a n i l i n e  th e  
v a lu e  o f <|) was d e te rm in ed  as  b e in g  c lo s e  to  38°, where <J> i s  th e  an g le  
betw een th e  HUH p la n e  and th e  l i n e a r —RCN^  ex ten d ed , and i t s  re d u c t io n  
from  th e  t e t r a h e d r a l  v a lu e  i s  accoun ted  f o r  by in t e r a c t io n  o f th e  
n i t r o g e n  lo n e - p a i r  w ith in  th e  TT-system o f th e  benzene r in g  ( 2 ) .
In  p - f lu o r o a n i l in e  th e  an g le  <}> v/as de te rm in ed  a s  46° and t h i s  
v a lu e  was acco u n ted  f o r  by invo lvem ent o f f lu o r in e  e le c t r o n s  in  th e  TT- 
system  o f th e  m olecu le  re d u c in g  th e  invo lvem ent o f th e  n i t r o g e n  e le c t ro n s  
( 1) .  I t  was exp ec ted  th a t  w ith  c h lo r in e  in  th e  p a ra  p o s i t io n  th e re  
would be th e  same e f f e c t  as  th a t  d isp la y e d  in  th e  f lu o r in e  c a se , though
122.
to  a  l e s s e r  e x te n t .  The v a lu e  o f <j) was determ ined, l e s s  a c c u r a te ly  
i n  p - c h lo r o a n i l in e  th a n  in  a n i l i n e  because  o f  th e  heavy n a tu re  o f  th e  
m o le c u le . However, i t s  v a lu e  was n e a re r  t h a t  de te rm in ed  f o r  a n i l in e  
th a n  t h a t  d e te rm in ed  f o r  f l u o r o a n i l i n e .
6 -2 . A n a ly s is  o f  S p e c tra .
A com m ercia lly  a v a i la b le  sam ple o f  p - c h lo ro a n i l in e  was used  and 
i t  was n o t found n e c e ss a ry  to  p u r i f y  i t  f u r t h e r .
Vapour from th e  sample was s tream ed  th ro u g h  th e  c e l l  i n  th e  norm al 
way b u t d i f f i c u l t y  was ex p e rien ced  in  f in d in g  s p e c t r a l  l i n e s .  I t  was 
d is c o v e re d  t h a t  t h i s  s i t u a t i o n  cou ld  be rem edied by i n i t i a l l y  h o ld in g  
th e  sam ple vapour in  th e  c e l l  f o r  a  few m in u te s , u n d er a  much h ig h e r  
p re s s u re  th a n  used  f o r  exam ining s p e c t r a .  T his was r e p e a te d  s e v e ra l  
tim es  u s in g  f r e s h  sam ples b e fo re  th e  p re s s u re  was reduced  to  th e  o p e ra t in g  
v a lu e .  The n e c e s s i ty  f o r  t h i s  p ro ced u re  i s  a t t r i b u t e d  to  th e  
a b s o rp t io n  o f  th e  sample on th e  w a lls  o f  th e  c e l l .  T h is  p ro c e ss  
was n o t re p e a te d  in  th e  subsequen t s tu d y  o f  th e  sam ple.
12%
The u  R -b ranch  spectrum  o f  th e  norm al sp e c ie s  o f p - c h lo ro a n i l in e
I Si
h as been a n a ly se d  and m easured by T y le r  and S e a r le  ( 3 ) and in  t h i s  work 
th e  measurem ent o f th e  spectrum  has been ex ten d ed . The s t r u c t u r a l  
model w hich a id e d  t h e i r  i n i t i a l  ass ig n m en t made u se  o f  th e  known 
s t r u c t u r e s  o f  a n i l i n e  ( 2 ) and ch lo ro b en zen e  ( 4 ) .  In  th e  observed  
spectrum  th e  t r a n s i t i o n s  appeared  a s  d o u b le ts  in  w hich th e  l i n e  to  
h ig h e r  freq u en cy  was a s s ig n e d  to  th e  g ro u n d -s ta te  and th e  l i n e  to  low er 
f re q u e n c y  to  th e  f i r s t  e x c i t e d - s t a t e  o f th e  in v e rs io n  m otion o f  th e  NH^- 
g ro u p . The observed  r o t a t i o n a l  l i n e s  were a c c u r a te ly  d e s c r ib e d  by a  
r i g i d - r o t o r  a n a ly s i s  and th u s  th e  e f f e c t s  o f  c e n t r i f u g a l  d i s t o r t i o n  a re  
s m a ll ,  a s  would be ex p ec ted  f o r  a  m o lecu le  a s  heavy a s  c h lo ro a u i l in e .
The r o t a t i o n a l  f re q u e n c ie s  were used  to  compute a  r e f in e d  s e t  o f 
r o t a t i o n a l  c o n s ta n ts  and b o th  th e  f r e q u e n c ie s  and c o n s ta n ts  f o r  th e  
g ro u n d - and f i r s t  e x c i t e d - s t a t e  s p e c t r a  a re  l i s t e d  in  T ab le  1.
The s t r o n g e s t  t r a n s i t i o n s  w hich were observed  were th o se  f o r  K  ^ =
2 . T h is  can be e x p la in e d  by th e  f a c t  t h a t  th e  h ig h e s t  f i e l d s  w hich 
cou ld  s a f e ly  be g e n e ra te d  were r e q u ire d  to  f u l l y  m odulate th e se  l i n e s  
and s in c e  th e  K  ^ = 0 and K  ^ = 1 l i n e s  r e q u i r e  even h ig h e r  S ta rk  f i e l d s  
th e y  were n o t f u l l y  m odulated . T h is  problem  o f m odu la tio n  was th e
m ain d i f f i c u l t y  en co u n te red  in  th e  s tu d y  o f  th e  spectrum  o f p -  
b ro m o an ilin e  s in c e ,  a lth o u g h  th e  K  ^ = 2 t r a n s i t i o n s  cou ld  be observ ed , 
i t  r e s u l t e d  in  th e  absence  o f th e  K  ^ = 0 and 1 t r a n s i t i o n s .
A lthough c h lo r in e  has a  q u ad ru p o la r  n u c le u s  no quad rupo le  s t r u c tu r e  
was observed  a t  th e  h ig h  J  v a lu e  t r a n s i t i o n s  s tu d ie d .  As m entioned ,
124.
Table 1•
The t r a n s i t i o n  f r e q u e n c ie s  and r o t a t i o n a l  c o n s ta n ts  o f  s e v e ra l  
i s o to p i c  m o d if ic a t io n s  o f  p a r a - c h lo r o a n i l in e .

























































































v  = 0 v  = 1 -
observed V obs- v c a l c observed v o b s-  v i 
0
22265.42 + 0.02 22259.92 - 0 .05
22295.45 + 0.25 22291.43 +0 .14
22565.33 + 0 .02 22563.36 +0 .06
22516.91 + 0.03
24054.74 + 0.02 2405i . l l +0 .0 0
25296.81 + 0.15 23293.57 - 0 .1 0
24210.58 +0.11 24206.12 - 0 .09
25715.38 + 0.09 23711.58 +0.01
24214.85 -0 .0 7 24212.88 +0 .07
24003.50 -0 .0 4 24001.56 +0 .13
25828.00 -0 .0 2 25824.26 - 0 .02
25055.60 +0.06 25052.37 +0 .00
26121.78 -0 .1 4 26117.20 - 0 .12
25590.29 ' -0 .0 3 25586.12 - 0 .10
25862.55 -0 .1 0 25860.05 - 0 .43
25686.34 +0 .00 25684.38 +0 .26
27581.87 +0 .07 27578.12 +0 .17
26807.56 - 0 .0 7 26804.11 -0 .1 8
28026.09 +0.02 28021.27 +0.12
27478.89 - 0 .1 6 27474.50 -0 .0 4
27223.72 -0 .1 7 27219.83 -0 .0 5
27510.27 -0 .0 8 27507.98 -0 .1 0
27365.77 +0.05 27363.59 +0 .19
29314.96 -0 .0 3 29310.99 - 0.07
28552.65 -0 .1 0 28549.38 +0.11
29920.27 + 0.20 29915.18 +0.31
29026.65 -0 .3 2
29381.83 -0 .1 3 29376.91 -0 .11
29042.38 +0.27
29053.76 +0 .36











la  90.2620 90.2933
lb  518.3188 518.4256
f Ic  608.1583 608.1971
A - 0;4225 - 0.5218
A = Ic  -  la  -  lb .
Ia , lb , Ic  and A are in  u n its  of a.m.u. r .















































































-0 .0 4  
+ 0 .06  
+ 0 .02  
- 0 .0 3  
- 0 .02  
+ 0 .02  
-0 .0 4  
-0 .0 3  
-0 .0 3  
- 0.01 
+ 0.10 
+0 .00  
+ 0 .18  
+ 0 .00  
+ 0 .00  
-0 .1 7  




























Vobs- V ca lc  
(MHz)
-0 .0 2  
-0 .0 0  
+ 0 .26  
+ 0 .04  
+0.00  
+0 .06  






















l b  531.8856 531.9953
I c  621.7222 621.7545
A  - 0.4292  - 0.5514
A  = Ic  -  Ia -  lb .
Ia , lb, Ic  and A  are in -units of a.m.u.























































-  11 
-  11 
-  12 
-  12 
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-  12 
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+ 0 .27  
-0 .0 3  
+ 0 .10  
+ 0 .02  
-0 .0 9  
+0.27 
- 0.11 
- 0 .20  
+ 0.11  
-0 .1 7  
-0 .0 3  
-0 .0 6  
+ 0 .16  
-0 .0 3  
+ 0.11 
-0 .0 3  
-0 .2 7  
+ 0 .03  
+ 0 .10  
+0 .0 4  
- 0 .12  







22720 .46  
23574.52 
22982.98 























2 3 6 9 .80  
-0 .941885







-0 .2 3  
+0.24 
-0 .4 3  




-0 .41  
+0.39 
-0 .1 4  




-0 .6 0  
+0.35 
-0 .2 8  
+ 0.01
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(c) para-chloroaniline (NHD)• (contd.)





lb  532.4386 532.4668
Ic  622.8681 622.8108
A -0.5787 -0.7216
A = Ic  -  Ia -  lb .
Ia , lb ,  Ic  and A are in  un its  of a.m.u.2^.
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v obs- v c a lc  
(MHz)
-0.13  







































A  as I c  -  I a  -  l b . I a ,  l b ,  I c  and A a r e  in  u n i t s  o f a .m .u .S ^ .
131.
th e  t r a n s i t i o n s  w ere observ ed  a s  d o u b le ts  and th e  r e l a t i v e  i n t e n s i t y
o f  one member o f  th e  d o u b le t to  th e  o th e r  was observed  to  a l t e r n a t e
w ith  th e  odd and even v a lu e s  o f  I( , ,-1
The s a t e l l i t e  members o f  th e  d o u b le t w ere i d e n t i f i e d  a s  th e  
f i r s t  e x c i t e d - s t a t e  o f  th e  in v e r s io n  m otion  w hereby in te r c o n v e r s io n  
o c c u rs  betw een th e  two e q u iv a le n t  p o s i t io n s  w hich th e  hydrogen atom s 
o f  th e  n i t r o g e n  atom can ta k e  on e i t h e r  s id e  o f  th e  p la n e  o f  th e  benzene 
r i n g .  T here a r e  two s ta b le  c o n f ig u ra t io n s  which th e  m o lecu le  can 
ad o p t and th e s e  a r e  a s s o c ia te d  w ith  two e q u iv a le n t  p o s i t i o n s ,  s e p a ra te d  
by a  b a r r i e r ,  a t  th e  bottom  o f a  p o t e n t i a l  w e l l .  In v e r s io n  can 
o c c u r by a  tu n n e l l i n g  p ro c e ss  a c ro s s  th e  b a r r i e r  betw een th e  two tro u g h s  
o f  p o t e n t i a l  e n e rg y . The tu n n e l l in g  s p l i t s  what would o th e rw ise  
be tw o -fo ld  d e g e n e ra te  l e v e l s ,  one f o r  each  o f th e  e q u iv a le n t  N p o s i t i o n s ,  
and th e  m agnitude o f  t h i s  s p l i t  i s  s t r o n g ly  dependent on, and d e c re a se s
o.C f ea.c f r.
w ith ,  th e  h e ig h t  o f  th e  b a r r i e r  h in d e r in g  in v e r s io n .  The in v e r s io n  
v ib r a t io n  i s ,  t h e r e f o r e ,  s t r o n g ly  anharm onic.
S in ce  th e r e  i s  o n ly  a  sm all s e p a ra t io n  i n  energy  betw een th e  
g ro u n d - and f i r s t  e x c i t e d - s t a t e  o f  th e  in v e rs io n  v ib r a t io n ,  th e  
r e l a t i v e  i n t e n s i t i e s  o f  th e  two s t a t e s  a re  n o t g r e a t ly  a l t e r e d  by th e  
Boltzm ann f a c t o r .  The r e l a t i v e  i n t e n s i t i e s  o f  th e  s t a t e s  in  p~ 
c h lo ro a n i l in e  a r e  d e te rm in ed  by th e  n u c le a r  sp in  s t a t i s t i c a l  w eigh t 
e f f e c t s .  In  p - c h lo r o a n i l in e  th e re  a re  th r e e  p a i r s  o f  e q u iv a le n t  
hydrogen  atom s and , s in c e  th e  hydrogen atom ab ey s  F e rm i-D irac  s t a t i s t i c s ,  
an in te rc h a n g e  o f  e i t h e r  one o r  th r e e  p a i r s  o f n u c le i  w i l l  r e s u l t  i n  a
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change i n  s ig n  o f  th e  t o t a l  wave f u n c t io n .
'K o t a l  = x 'Hr, N •«•(1 )K-1 K+1
where ^ i s  th e  p ro d u c t o f v i b r a t i o n a l ,  r o t a t i o n a l  and n u c le a r
s p in  f u n c t io n s .  F or n  p a i r s  o f  e q u iv a le n t  n u c le i  th e  r a t i o  o f  th e  
number o f  sym m etric s p in  fu n c t io n s  to  a n tisy m m e tr ic  s p in  fu n c t io n s  i s  
g iv e n  by
n na
n
i  I  1^2 I i  + 1 ) + 1
J
n
i  H l ( 2 I i  + 1 ) "  1 • . s (2)
From ( 2 ) i t  was found t h a t  f o r  p - c h lo r o a n i l in e
n
an d , from  ( l )  and ( 2 ) ,  f o r  r o t a t i o n a l  l i n e s  w ith
K--j even (v  = 0) : (v  = 1) = 7 s 9
and f o r
odd (v  = 0 ) j (v  = 1) = 9 • 7
By means o f  t h e i r  r e l a t i v e  i n t e n s i t i e s ,  th e  members o f  th e  d o u b le t
t r a n s i t i o n s  o f  p - c h lo r o a n i l in e  w ere a ss ig n e d  to  th e  g round- o r  th e
f i r s t  e x c i t e d - s t a t e .
37The i s o to p i c  sam ples p rep a red  and s tu d ie d  w ere C1-, NHD- and
37ND^- p - c h lo r o a n i l i n e .  C l-  was s tu d ie d  in  n a tu r a l  abundance
(^25c/o). The o b serv ed  t r a n s i t i o n  f re q u e n c ie s  and r i g i d - r o t o r
c o n s ta n ts  f o r  th e  g ro u n d - and f i r s t  e x c i t e d - s t a t e  o f  th e  i s o to p ic  
s p e c ie s  s tu d ie s  a r e  g iv e n  in  T able 1 .
The s e a rc h  f o r  ^ C 1  t r a n s i t i o n s  was u n d e rta k e n  f o r  J  = 13 -  14 ,
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a s  th e s e  were th e  s t r o n g e s t  group o f  t r a n s i t i o n s  a v a i la b le  a s  a  r e s u l t
o f  m o d u la tio n  d i f f i c u l t i e s  f o r  h ig h  J .  A rough  p r e d ic t io n  o f  th e  
37 Cl t r a n s i t i o n  f r e q u e n c ie s  was so u g h t. The sym m etric to p  c e n tr e s  
37 35o f  C'1 and C l, w ith  th e  c o r r e c t  r e l a t i v e  i n t e n s i t i e s ,  w ere eas ily -
o b se rv ed  and th e  d i f f e r e n c e  betw een th e  two was found to  be 580 MHz.
F o r an asym m etric  to p  th e  sym m etric to p  c e n tre  i s  g iv e n  ap p ro x im a te ly
by ( J  + 1) (B + C) and hence th e  d i f f e r e n c e  by (J + 1 ) (Ab + A c ) .
S in ce  A b = AC, the observed difference between the symmetric top
37c e n t r e s  was u sed  to  o b ta in  v a lu e s  o f  B and C f o r  th e  Cl spec trum .
37D i f f i c u l t y  was e x p e rie n c e d  in  a s s ig n in g  l i n e s  to  Cl u s in g  th e
p re d ic te d  t r a n s i t i o n  f r e q u e n c ie s  o b ta in e d  from  th e  c a lc u la te d  c o n s ta n ts ,
The 1 4 . .  „ -  13h 7 t r a n s i t i o n  was observed  to  be 100 MHz above th e  
1 14 -L-Ly
p r e d ic te d  f re q u e n c y . A more a c c u ra te  s e t  o f  p re d ic te d  t r a n s i t i o n  
f r e q u e n c ie s  w ere l a t e r  o b ta in e d  from  th e  fo llo w in g  e x p re s s io n .
57C1 V., + 55C1 V  0 -  55C1 V *  = 57C1 V .1 v 2 3 4
w here i s  'the freq u en cy  o f  th e  t r a n s i t i o n  p re d ic te d  by th e  model ( 3 )
V g  i s  th e  fre q u e n c y  o f  th e  observed  sym m etric to p  c e n tre
V  ^ i s  the frequency of the symmetric top centre calculated from 
5
the model
and V ^ i s  th e  c a lc u la te d  freq u en cy  o f  th e  t r a n s i t io n *
37T h is  p roved  to  g iv e  c a lc u la te d  t r a n s i t i o n  f re q u e n c ie s  f o r  Cl o n ly
37s e v e r a l  MHz from  th e  observed  l i n e s .  In  th e  spectrum  o f  C l- p -
c h lo ro a n i l in e  th e  members o f  th e  d o u b le t ly in g  to  h ig h  freq u en cy  w ere
134*




/  d e u te r a t io n
F ig .1 . The r e l a t i v e  c o n c e n tra t io n s  o f d e u te ro - s p e c ie s  o f  p - c h lo r o a n i l in e  
w ith  th e  /  d e u te r a t io n  o f  p - c h lo r o a n i l in e .
On a  f i r s t  s tu d y  o f  th e  spectrum  o f  NHD- p - c h lo r o a n i l in e ,  th e
p r e p a r a t io n  in v o lv in g  50/50  HgO/D^O app eared  to  have f a i l e d  s in c e  th e
sym m etric to p  c e n t r e  o f  J  = 13 -  14 o f th e  NHD s p e c ie s  was n o t o b serv ed .
The p r e p a ra t io n  was r e p e a te d  w ith  1 0 0 / h^O and th e  ND  ^ sym m etric to p
c e n t r e  was o b serv ed  in  th e  re g io n  p r e d ic te d .  On se a rc h in g  f o r  th e
NHD c e n t r e  ( s in c e  i t  must now be p re s e n t  a s  shown in  F ig . 1) i t  was
37o b serv ed  to  be c o in c id e n t  w ith  th e  Cl c e n t r e .  The i n t e n s i t i e s  
o f  th e  c o in c id e n t  c e n t r e s  were compared w ith  t h a t  o f th e  norm al s p e c ie s  
c e n tre  and showed th e  ex p ec ted  r e l a t i v e  i n t e n s i t y  o f  l j  : 1 .
R -b ranch  t r a n s i t i o n  f re q u e n c ie s  w ere c a lc u la te d  f o r  th e  NHD 
s p e c ie s  o f  p - c h lo r o a n i l in e  u s in g  th e  observed  moments o f  i n e r t i a  o f  th e  
norm al s p e c ie s  a s  d e s c r ib e d  in  C hapter 2 . The ND  ^ sample spectrum  
was c a lc u la te d  tw ic e , f i r s t l y  by u s in g  th e  observed  moments o f  i n e r t i a  
o f  th e  norm al s p e c ie s  and seco n d ly  by u s in g  th o se  o f th e  NHD s p e c ie s .
135.
The d o u b le t s p l i t t i n g  was found to  be reduced  in  th e  NHD s p e c ie s  
from  t h a t  o b ta in e d  f o r  th e  norm al s p e c ie s .  Only K ^ = 0 and th e  
low er = 1 l i n e s  showed any s p l i t t i n g ,  th e  i n t e n s i t i e s  o f  th e  d o u b le t 
l i n e s  b e in g  a p p ro x im a te ly  e q u a l .  In  th e  ND  ^ s p e c ie s  d o u b le ts  were 
a g a in  o b se rv ed  w ith  th e  member to  low freq u en cy  a s s ig n e d  to  th e  
g r o u n d - s ta te .  In  th e  case  o f  th e  NDg sp e c ie s  th e  r e l a t i v e  i n t e n s i t i e s  
a r e  f o r  t r a n s i t i o n s  w ith  th e  c h a r a c t e r i s t i c s  o f
K-1 even (v  = 0) : (v  = l )  = 13 : 11
and K .  odd (v = 0) : (v = 1) = 11 s 13.
C . <  '.;v
r
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6-3. Calculation of the Geometry of the NEU -group in p-Chloroaniline.
The o b se rv ed  moments o f i n e r t i a  and i n e r t i a l  d e f e c ts  f o r  a l l  
i s o to p i c  sam ples o f  p - c h lo r o a n i l in e  a re  g iv e n  in  T ab le  2 . As i n
T able 2 .
G ro u n d -sta te  moments of i n e r t i a  of p -c h lo ro a n ilin e  (a .m .u .S ^ ) .
I  I , I  Aa  b c ^
p - c h lo r o a n i l in e  90.2620 518.3188 608.1583 - 0.4225
57C1 -  M 90.2658 531.8856 621.7222 -0 .4 2 9 2
NHD- " 91.0081 532.4386 622.8681 -0 .5 7 8 7
nd2-  " 91.8531  546.2914  637.3206  - 0.8240
A  = 1 -  1 -  1 .c a b
th e  p re v io u s ly  s tu d ie d  m o le c u le s , a n i l i n e  and p - f lu o r o a n i l in e ,  th e  
l a r g e  n e g a t iv e  v a lu e  o f  A f o r  p - c h lo r o a n i l in e  and i t s  b eh av io u r on 
d e u te r a t io n  con firm s th e  n o n -p la n a r i ty  o f  th e  m o lecu le .
The fo llo w in g  £ ^ ^ 0131113^ s e q u a tio n s  ( 5 ) were u sed  f o r  th e  lo c a t io n  
o f  th e  atom s i s o t o p i c a l l y  s u b s t i tu t e d  i n  p - c h lo r o a n i l in e .  The 
hydrogen  c o o rd in a te s  can be lo c a te d  in d e p e n d e n tly  from  th e  moments 
o f  i n e r t i a  o f  NHD- and ND2~ p - c h lo r o a n i l in e  in  c o n ju n c tio n  w ith  th e  
moments o f  i n e r t i a  o f p - c h lo r o a n i l in e  i t s e l f .
a2 = 2 7  ( A I C + A l b -  A
Ai + A 1. -  A i  ', a______ b_______c
1 + ^  r r i
\  o  r * 'a
A i  + A i  -n a______ c
+ 2(1  -  I, )v a  b 7
...(3)
w here a ,  b , c a r e  th e  c o o rd in a te s  o f th e  s u b s t i tu t e d  atom r e l a t i v e  
to  th e  p r in c i p a l  aoces o f  th e  m olecu le  and th e  b , c c o o rd in a te s  a re
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o b ta in e d  by c y c l ic  p e rm u ta tio n  o f  th e  s u b s c r ip t s .  The c o o rd in a te s  
o b ta in e d  a r e  g iv e n  in  T ab le  3*
T ab le  3*
The s u b s t i t u t i o n  c o o rd in a te s  o f  p - c h lo r o a n i l in e  
r e l a t i v e  to  th e  p r in c ip a l  ax es  ( X ) ,
Cl
H
-2 .6 2 6 1  l  0 ,003
5.7465  -  0 .005
(from  NHD-data)
H 3 .7427 -  0 .005
(from  NDQ- d a ta )
to. 8308 t  0 .OO8






The a  and b c o o rd in a te s  o b ta in e d  from  th e  mono- and d i-d e u te ro  s p e c ie s
show th e  e x p ec ted  v a r i a t i o n s  from  z e ro -p o in t  v ib r a t io n a l  e f f e c t s .
However, from  T ab le  3 i t  can be seen  th a t  th e  c^ c o o rd in a te  must
c o n ta in  a  l a r g e  e r r o r  to  acco u n t f o r  th e  two de term ined  v a lu e s  and t h a t ,
c o n se q u e n tly , th e  v a lu e  o f  th e  a n g le  betw een th e  p la n e  o f  th e  benzene
r i n g  and th e  HNH p la n e , d eno ted  0 , w i l l  be p o o rly  d e f in e d .
H
Cl
F u rth e rm o re , th e  e r r o r  in  th e  v a lu e  o f  c^ i s  l a r g e r  th a n  would be 
ex p ec ted  f o r  t h i s  n e a r - a x is  c o o rd in a te  ( 5 ) .  The d i f f e r e n c e  betw een
th e  two v a lu e s  o f  c., can be accoun ted  f o r  by th e  f a c t  t h a t  th e  e r r o r  inH
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cjj r e s u l t s  from  th e  ( A l a  + A l ^  -  ^erm e l u a t io n s  ( 3 ) .
The o th e r  two te rm s in  e q u a tio n  ( 3 ) a re  ap p ro x im ate ly  u n i ty .  T his
te rm  was found to  have a  v a lu e  o f  O .I56I  f o r  th e  NHD d a ta  and O.4OI4
f o r  th e  ND  ^ d a ta  and w i l l  c o n ta in  a  la rg e  p e rce n tag e  e r r o r  r e s u l t i n g
from  th e  a d d i t io n  and s u b tr a c t io n  o p e ra t io n s .  The cu v a lu e  has
been  more a c c u ra te ly  determ ined  in  a n i l in e  ( 2) and, f o r  com parison,
th e  moments o f i n e r t i a  and th e  c o o rd in a te s  o f th e  am ino-hydrogen atoms
o f  a n i l i n e  a re  g iv en  in  T able 4* Thus, i t  can be seen  th a t  th e
v a r i a t i o n  in  th e  v a lu e s  o f  th e  term  ( A i  + A I, -  A i  ) i s  d i r e c t l ya d c
r e l a t e d  to  th e  v a r i a t io n  in  th e  v a lu e s  o f c . In  th e  h e a v ie rXI
m o lecu le , p - c h lo r o a n i l in e ,  th e  in d iv id u a l  moments o f i n e r t i a  w i l l  have 
a  l a r g e r  e r r o r  th a n  in  a n i l in e  and t h i s  in tro d u c e s  a  l a r g e r  e r r o r  
i n  th e  term  and hence in  th e  v a lu e  o f c^..
T able 4*
Moments o f i n e r t i a  (a .m .u . a2) and am ino-hydrogen 
atom c o o rd in a te s  ( X )  f o r  a n i l in e  (2 ) .
ia io (Aia +  A i b - A i 0) ~ 2 H =
a n i l i n e  89*9938 194*8968 284.4792
NHD- " 90.7277 202.7314 292.8747 0.1730
ND2-  11 91.5871 210.3096 301.0849 0.4004
a  b e
NHD- 11 2 .7801 0 .8352 0.3016
ND2-  " 2.7770  0.8320  0 .3305
2
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The i n e r t i a l  d e f e c t  o f  th e  Cl.CgH^N. fragm ent was c a lc u la te d  
u s in g  th e  c o o rd in a te s  g iven  in  T able 3 and was found to  be 
-0*0913 a .m .U.S.? S im ila r  v a lu e s  were found o f - 0*0034 a.m .u.A ? in  
a n i l i n e  and +0*1589 a .m .u .X ? in  p - f lu o ro a n i l in e *  A ll th re e  v a lu e s  
a r e  good ev idence  f o r  th e  p la n a r i ty  o f th e  benzene r in g  frag m en ts .
The^KNH i n p - c h lo ro a n i l in e  i s  g iven  by HNH = sin"*'*' 2z fo r  an 
assumed v a lu e  o f  r(N  -  H) o f  1.00&. The fo llo w in g  o u t l in e s  th e  
c a l c u la t io n  o f  0 and th e  diagram  h e lp s  to  d e f in e  th e  n o ta t io n .
c(y)
a (x )
The an g le  0 , shown in  th e  diagram , i s  g iven  by
2mH
2mH ^  yH <1 + )0 =  s m    2----------
_  u  r
_b
• • • ( 4)
where “ H
= mass o f  th e  hydrogen atom,
x v = c o o rd in a te s  o f th e  hydrogen atoms r e l a t i v e  to  th e  
H* H
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p r in c ip a l  axes o f  th e  m o lecu le , 
r ^  = d is ta n c e  o f  th e  hydrogen atoms from  th e  c e n tre  o f
mass o f  th e  m o lecu le ,
M0 = mass o f  Cl.C^H^W.,
1^ = p r in c ip a l  moment o f  i n e r t i a  abou t th e  b - a x is  o f
th e  m o lecu le , 
jj _ (M.W. o f p - c h lo r o a n i l in e )  (-2m^)
(M.W. o f  p - c h lo r o a n i l in e )  + (-2m^)
A lso , y  a s  shown in  d iagram  i s  g iv en  by
yH = y0 + r Hs in 0 • •• (5)
where
7I
= y c o o rd in a te  o f  th e c e n tr e  o f  mass o f
and r N = d is ta n c e  o f  N from c e n tre  o f  mass (x ^ ,
Cl.O jH JJ.6 4
I t  fo llo w s t h a t ,
y = yN + yH . . . ( 6 )
and
1
e = s i n ' 1 I  
1
- . ( 7 )
w here 1 = c o s '1
2
0 — 0 + 0 ’ . . . ( 8 )
In  o rd e r  to  c a l c u la te  r ^  in  e q u a tio n  (5)» a  s t r u c t u r a l  model i s  
n e c e s s a ry  f o r  Cl.C^H^N. The m odel, (w hich i s  t h a t  u sed  th ro u g h o u t 
t h i s  work) u sed  th e  C -  Cl bond le n g th  v a lu e  de term ined  f o r  ch lo robenzene
( 4 ) and assumed a  r e g u la r  hexagon f o r  th e  benzene r in g .  A ll th e
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re m a in in g  bond le n g th s  were ta k e n  from  th o se  d e te rm in ed  f o r  a n i l i n e  ( 2 ) .  




The c a lc u la te d  v a lu e s  o f  HNH a n g le  and 0  a r e  compared w ith  th o se  
o f  a n i l i n e  and p - f lu o r o a n i l in e  in  T ab le 5*
T able 5*
The geom etry  o f  th e  NH^-group in  p - c h lo r o a n i l in e ,
a n i l i n e  and p - f lu o r o a n i l in e ,
HNH 0
p - c h lo r o a n i l in e  (from  NHD d a ta )  112° 22 * ± 30 * 33° 22*
" (from  ND2 d a ta )  112° 24 * -  30* 39° 12’
a n i l i n e  113° 16* 37° 39 *
p - f lu o r o a n i l in e  111° 5 2 1 46° 22*
( th e  method o f  c a lc u la t io n  i s  th e  same f o r  a l l  th r e e  m o lecu le s)
V a r ia t io n  o f  th e  N -  H bond d is ta n c e s  by ^0.01 2 r e s u l t s  in  changes in  th e
j .  © fj
re g io n  o f  -2  in  NHN a n g le  and } •
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As shov/n from  th e  v a lu e s  o f  0 in  T able 5 no c o n c lu s io n s  can be 
drawn from  th e  p o o rly  d e f in e d  a n g le  0 when com paring p - c h lo r o a n i l in e  
and a n i l i n e .  However, th e  v a lu e  o f 0 in  c h lo ro a n i l in e  more c lo s e ly  
ap p ro x im ate s  th a t  d e te rm in ed  f o r  a n i l i n e  th a n  th a t  de te rm in ed  f o r  
f l u o r o a n i l i n e .  The HNH an g le  can be d i r e c t l y  compared betw een th e  
th r e e  m o lecu le s  a s  th e  method o f  c a lc u la t io n  i s  th e  same and th e  
in te rm e d ia te  v a lu e  de te rm in ed  f o r  c h lo ro a n i l in e  su g g e s ts  t h a t  th e  c h lo r in e  
e l e c t r o n s  a r e  in v o lv ed  in  th e  TT-system o f  th e  r in g ,  b u t to  a  l e s s e r  e x te n t  
th a n  th e  f lu o r in e  e l e c t r o n s .
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CHAPTER 7
CHEMICAL PREPARATIONS
In  t h i s  c h a p te r  d e t a i l s  a re  g iv e n  o f th e  m ethods o f  p r e p a ra t io n  
o f  th e  compounds whose microwave s p e c t r a  have been s tu d ie d  in  t h i s  t h e s i s ,
7 -1 . (a )  P y ra n -4 - th io n e .
P y ra n -4 - th io n e  can be p rep a red  v e ry  sim ply  from  p y ran -4 -o n e  ( 1 ) .
F o r th e  p r e p a ra t io n  o f  pyran-4~one (2 ) a  1 : 2 w e ig h t/w e ig h t m ix tu re  
o f  d ry  c h e l id o n ic  a c id  and d ry  p re c ip a te d  b la c k  copper powder was d ry  
d i s t i l l e d  in  a  r e t o r t  from  a  Wood's m e ta l b a th .  The te m p era tu re  o f
th e  m e ta l b a th  was r a i s e d  to  340°C ov er a  p e r io d  o f 1^ h o u rs . Care
had to  be ta k e n  to  en su re  t h a t  th e  te m p e ra tu re  o f th e  p y ra n -^ - tk io n e  
was s u f f i c i e n t l y  reduced  f o r  c o l le c t io n  a s  a  l i q u id  (m .p. 31°C)> 
o th e rw ise  th e  y ie ld  i s  reduced  by a  lo s s  o f gaseous sample th ro u g h  th e  
o u t l e t  o f  th e  a p p a ra tu s .  The crude d i s t i l l a t e  was th e n  re f lu x e d  in  
benzene f o r  46 h o u rs  in  a  Lean and S ta rk  a p p a ra tu s  to  remove t r a c e s  o f 
w a te r .  A f te r  rem oval o f th e  benzene u n d er vacuum th e  r e s id u e  was 
d i s t i l l e d  a t  108°C/l2m .m . o f  m ercury to  g iv e  a  c l e a r  l i q u id  w hich, on 
c o o lin g , c r y s t a l l i s e s  to  a  w h ite  c r y s t a l l i n e  s o l id  ( y ie ld  33$).
Pyran~4-one i s  h ig h ly  d e l iq u e s c e n t  and must be s to re d  u n d er vacuum in  
a  d e s ic c a to r .
144.
A s o lu t io n  o f  pyran-*4-one in  d ry  to lu e n e  was re f lu x e d  w ith  excess 
P? S5 f o r  t h i r t y  m in u te s . A f te r  f i l t e r i n g  h o t ,  th e  r e s id u e  was 
e x t r a c te d  w ith  h o t to lu e n e .  The e x t r a c t io n s  were d r ie d  ov er anhydrous 
magnesium s u lp h a te  and th e  to lu e n e  removed u n d er reduced  p r e s s u re .
The r e s u l t a n t  re d  o i l  c r y s t a l l i s e d  when co ld  to  g iv e  orange c r y s ta l s  (m .p. 
48 -  50°c y ie ld  7 0 $ ).
(b )  3 ,5  d g - p y ra n -4 - th io n e .
3 ,5  d g - p y ran -4 -o n e  was p rep a red  a s  d e sc r ib e d  in  ( 3 ,4 ,5 )  hy a 
d i r e c t  exchange o f  th e  3 ,5  hydrogen atoms w ith  d eu terium  o x id e .
0 .4 : g . o f  p y ran -4 -o n e  were added to  2 .4  E* o f  98% e n ric h e d  DgO 
and th e  s o lu t io n  made s l i g h t l y  a c id ic  (p H ~  6 - 7 )  w ith  d i l u t e  
h y d ro c h lo r ic  a c id .  The s o lu t io n  was r e f lu x e d  f o r  36 h o u rs  a t  95°C*
The p y ran -4 -o n e  i s  e x t r a c te d  in to  e th e r ,  th e  s o lu t io n  d r ie d  over 
anhydrous magnesium s u lp h a te  and th e  e th e r  removed ( y ie ld  50%)* Only 
th e  d i - d e u te r o  s p e c ie s  was observed  in  th e  microwave spectrum . The 
3 ,5  d g - p y ran -4 -o n e  was t r e a te d  w ith  ^ 2^5 a s  d e sc r ib e d  in  ( a ) .
(c )  2 ,6  d g - p y ra n -4 - th io n e .
The p r e p a r a t iv e  method o f Lord and P h i l l i p s  ( 3) u sed  h e re  makes 
u se  o f  th e  d i f f e r e n c e  in  ease  o f exchange o f  th e  3 ,5  ^ d  2 ,6  hydrogen 
atom s in  p y ra n -4 -o n e .
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C h e lid o n ic  a c id  was r e c r y s t a l l i s e d  s e v e ra l  tim es  from  w a te r  
and f i n a l l y  from DgO. samP le was d r ie d  a t  110° f o r  24 h ou rs in
an  a tm osphere o f  n i t r o g e n .  10 g . o f t h i s  m a te r ia l  were d is s o lv e d  in  
150 g . o f  J&fo DgO in  a  c lo se d  system  u n d er a  p o s i t iv e  p re s s u re  o f n i t r o g e n .  
The r e s u l t i n g  s o lu t io n  was warmed f o r  72 h o u rs  a t  85°C. The DgO was 
th e n  removed by vacuum d i s t i l l a t i o n  and th e  r e s id u e  o b ta in e d  d r ie d  
a t  100°C in  a  s tream  o f n i t ro g e n  to  g iv e  d ^ - c h e l id o n ic  a c id  ( y ie ld  95%).
The f u l l y  d e u te ra te d  c h e l id o n ic  a c id  was th e n  p y ro l is e d  to  g iv e  
d ^ -  p y ran -4 -o n e  by th e  method in  ( a ) .
0 .057  m oles o f d ^ - p y ran -4 -o n e  were th e n  h ea ted  w ith  one e q u iv a le n t 
o f  w a te r  f o r  24 h o u rs  a t  95°C. T his r e p la c e d  th e  d eu te riu m  atoms a  
to  th e  ca rb o n y l group by hydrogen atoms ( y ie ld  50°/o) • The 3 ,5  dg -
p y ran -4 -o n e  was th e n  co n v erted  to  3 ,5  d g - p y ra n -4 - th io n e .
18(a) 0 -  p y ra n -4 - th io n e .
1 Q
The p r e p a r a t io n  o f 0 -  p y ran -4 -o n e  i s  d e sc r ib e d  in  ( 3) .
180 .234  g . p y ran -4 -o n e  i s  d is s o lv e d  in  1 g . o f  62$ e n ric h e d  Hg 0
and d i l u t e  h y d ro c h lo r ic  a c id  added u n t i l  pH 3* The s o lu t io n  was
re f lu x e d  f o r  26 h o u rs  a t  98°C. The w ork-up i s  a s  d e sc r ib e d  f o r
th e  d e u te r a te d  s p e c ie s .  The p ro d u c t i s  t r e a te d  w ith  ^ 2^5 ^ ve 
180 - p y ra n -4 - th io n e .
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7-2. NF CN.
The ex p e rim e n ta l method was based  on t h a t  g iv e n  i n  ( 6 ) .  NFgCN 
i s  p re p a re d  by e le m e n ta l f lu o r i n a t io n  o f  phosphate  b u f fe re d  aqueous 
NHgCN. The f lu o r in e  was o b ta in e d  from  a  f lu o r in e  c e l l  and th e  
cyanam ide from  Cyanamid Co. L td .
The a p p a ra tu s  employed f o r  th e  experim en t i s  shown in  F ig .1 .  
J o in t s  and s to p co ck s  were lu b r i c a te d  w ith  K el. F . No. 90 g re a s e .
The two t r a p s  were in c o rp o ra te d  in  case  o f  suck-back  and an e x i t  
b u b b le r  c o n ta in in g  K el. F . o i l  was connec ted  to  th e  l a s t  t r a p .
A s lu r r y  o f  6 .5  g . o f  NagHP0^.7Hg0, 10 g . o f  Na.HgPO^.HgO and 
10 ml o f  d e io n iz e d  w a te r  was mixed w ith  35 ml o f  a  50$  aqueous 
cyanamide s o lu t io n .  The m ix tu re  was poured in to  a  250 ml rou n d - 
bottom ed f l a s k  su rrounded  by an ic e - b a th .  A gas s tream  c o n s is t in g  
o f  a  m ix tu re  o f n i t r o g e n  (550  c .c . / m in . )  and f lu o r in e  (30 c .c . /m in . )  
was p assed  th ro u g h  th e  system . The s o lu t io n  became y e llo w ish  
and th e n  d a rk  orange a s  th e  ru n  p ro g re s s e d . A f te r  one hour th e
g as  s tream  was s to p p e d . The m a te r ia l  i n  th e  -196° t r a p  was
i s o l a t e d  from  any l i q u id  f lu o r in e  by means o f  a  vaccuum l i n e  and 
th e n  a llo w ed  to  expand in to  a  g la s s  b u lb .
Optimum y ie ld s  were o b ta in e d  w ith  s o lu t io n  te m p e ra tu re s  o f  
5° -  9 ° , High gas flow  r a t e s  and no m echan ical s t i r r i n g  a re  
recommended. D e v ia tio n  from th e s e  c o n d itio n s  r e s u l t e d  in  











































Im p u r i t ie s  d e r iv e d  from th e  experim en t in c lu d e  CO^, H20, HCN,
N2F , HNI’g HMCO and 0^ "these HNF  ^ ( b .p .  -2 7 ° , m .p. -1 1 6° ) i s
h ig h ly  e x p lo s iv e  a s  a  s o l id .  T h e re fo re , when m a n ip u la tin g  th e
main p o in ts  a re  th e  e x c lu s io n  o f  a l l  a i r ,  oxygen o r o x id is in g  m a te r ia l  
and th e  avo idance  o f  any chance o f  s o l i d i f i c a t i o n .  The n e c e s s i ty  
f o r  c a re  in  h a n d lin g  NF2H a cc o u n ts  f o r  th e  fo llo w in g  p re c a u tio n s  
b e in g  c a r r ie d  o u t .  The n i t r o g e n  was en su red  oxygen f r e e  by p a s s in g  
th e  gas th ro u g h  a lk a l in e  p y r a g e l lo l  and th e  a p p a ra tu s  was purged  w ith  
n i t r o g e n  f o r  s e v e ra l  h ou rs b e fo re  th e  f lu o r in e  gas was ad m itto d  to  
th e  r e a c t io n  v e s s a l .  A lthough U -tubes  were used  to  t r a p  th e  NFgH,
below  i s  shown a  more e f f i c i e n t  method and e n su re s  th a t  th e  NF^H 
rem ains a  l i q u i d .  The NFgH was re n d e re d  h arm less  by r e a c t io n
w ith  a c i d i f i e d  K I. I f  p o s s ib le  a s a f e ty  s h ie ld  should  be used  
b u t h e re  i t  was found an incum brance. The s a f e ty  a p p a re l w hich i s  
e s s e n t i a l  f o r  th e  experim en t in c lu d e s  fa c e  s h ie ld ,  e a r-m u ffs , chrome- 
l e a t h e r  c o a t ,  ap ron  and g lo v e s . The e a r-m u ffs  a re  r e q u ire d  to  
p r o te c t  th e  ear-d rum s from  th e  shock-w aves g e n e ra te d  by an unexpected  
d e to n a t io n ,  and c h ro m e -le a th e r  c lo th in g  i s  n e c e ssa ry  f o r  p ro te c t io n  
a g a in s t  f ly i n g  g la s s  o r  m e ta l.
( b .p .  - 61° ,  m .p . -196°) was s to re d  w ith  no a p p a re n t 
d e t e r io r a t i o n  f o r  s e v e ra l  months a t  room te m p era tu re  in  a  g la s s  b u lb .
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7-3. (a) (CH5)2NGN
The e x p e rim e n ta l method was a s  d e sc r ib e d  in  ( 7 ) .
9 g . o f  f i n e l y  powdered sodium cyanamide were added to  100 c . c .
o f  a b s o lu te  a lc o h o l and th e  m ix tu re  was s t i r r e d  to  en su re  t h a t  th e  
sodium cyanamide rem ained f i n e l y  d iv id e d  in  th e  a lc o h o l .  28 .4  S* 
o f  m ethyl io d id e  were added and th e  m ix tu re  r e f lu x e d .  The a lc o h o l 
i s  removed by d i s t i l l a t i o n  and th e  r e s id u e  e x t ra c te d  v /ith  b o i l in g  
a b s o lu te  e th e r .  The e th e r  and th e  rem a in in g  a lc o h o l were d i s t i l l e d  
o f f  and th e  163° f r a c t i o n  c o n ta in e d  m ain ly  d im ethylcyanam ide ( y ie ld  60%).
(b ) (c d 3) 2ncn .
The fo llo w in g  d e s c r ib e s  th e  HI method o f p re p a ra t io n  ( 8 ) .
10 g . (13  ml) o f d e u te ra te d  m ethanol were mixed w ith  250 g . (145  ml)
o f  c o n s ta n t b o i l in g  p o in t  h y d ro io d ic  a c id  (57%) in  a  250 ml f l a s k
f i t t e d  w ith  a  condenser f o r  d i s t i l l a t i o n .  The r a t e  o f  d i s t i l l a t i o n  
was k e p t a t  1 -  2 d rops p e r  second and when abou t h a l f  th e  l i q u id  
had d i s t i l l e d  o v e r , th e  d i s t i l l a t i o n  was s to p p ed . The low er la y e r  
o f  crude io d id e  was s e p a ra te d , washed w ith  an equ a l volume o f c o n c e n tra te d  
h y d ro c h lo r ic  a c id ,  th e n  s u c c e s s iv e ly ,  w ith  w a te r , 5% sodium ca rb o n a te  
s o lu t io n  and w a te r . The io d id e  sample was th en  d r ie d  w ith  
anhydrous ca lc ium  c h lo r id e  and r e d i s t i l l e d .
The d e u te ra te d  m ethy l io d id e  was th e n  co n v erted  to  d e u te ra te d
dim ethy lcyanam ide by th e  method d e s c r ib e d  in  ( a ) .
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